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STATE OF CALIFORNIA

SACRAMENTO

December 30, I96O

Honorable Edmund G. Brovm, Governor
and Members of the Legislature of the

State of California

Gentlemen:

I have the honor to transmit herewith Bulletin
No. 93 of the State Department of Water Resources,
entitled "Saline Water Demlnerallzatlon and Nuclear Energy
in The California Water Plan".

The various processes used in producing fresh
water from the oceans, and the present and predicted future
costs for the most promising processes are described in
this bulletin. The possible application of nuclear energy
to sea water conversion and to the energy demand for pumping
water supplies developed by the State Water Facilities are
discussed.

Although no saline water demlnerallzatlon tech-
nique yet developed can compete with the costs of large-
scale development of natural sources of water in California,
it is probable that saline water conversion plants will have
a definite place in the water program. The Department of
Water Resources will continue to take a definite and continu-
ing interest in those areas of research and development that
may have promise of eventually producing low cost converted
water.

The study of the applications of nuclear energy to
the various aspects of the problem of development of a
practical and economic water program is of prime importance
to the welfare of this State. The Department of Water Re-
sources will maintain continued and detailed surveillance of
developments in this field and their application to water
development and distribution.



Honorable Edmund G. Brown
Governor, et al -2- December 30, 1950

The information presented in the report should
serve as an orientation to the complex problems of sea water
conversion and the application of nuclear energy to Cali-
fornia's water needs.

Very truly yours.

^li^®.^^
HARVEY 0. BANKS
Director
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CALIFORNIA LEGISLATIVE ACTIONS

The Subcommittee on V/ater Project Uses for Atomic

Pov;er of the Assembly Interim Committee on Conservation,

Planning, and Public Works (Assemblyman Jack A. Beaver,

Chairman), created by House Resolution No. 88, 1957:. submitted

a partial report to the 1958 Session of the Legislature. The

subcommittee at the time recommended that:

."1. The Department of Water Resources give added
Impetus to Its program of evaluation and study of nuclear
energy In relation to the pump lift requirements of the
Feather River Project.

"2. The Department of Water Resources give full
consideration to the Implications for California of the
saline v/ater conversion legislation before the Congress
and be prepared to recommend an appropriate course of
action In this regard to the 1959 Session of the
Legislature.

"3. The University of California, vilth due regard
for its educational and basic research responsibilities,
attempt to concentrate its efforts in nuclear and saline
v/ater conversion research into channels most likely to
be of practical use to the State as a wrhole.

"4. The Legislature support reasonable augmenta-
tions to the programs of the Department of V/ater Resources
and the University in these fields.

"5. The Committee should continue to actively
monitor tlic existing state programs in these fields and
continue its study of the best procedures to be followed
by the State in its approach to these problems."

Created by House Resolution No. 234, 1957. the

Subcommittee on Water Project Po^^/er of the Assembly Interim

Cominittee on Conservation, Planning, and Public VJorks

(Assemblyman Jack A. Beaver, Chairman), carried on the v/ork

initiated by the predecessor cominittee and submitted its final

report (Volume 13, Number 27 of Assembly Interim Committee

Reports 1957-59). In that report, the committee recommended:

xlv



"1. Continued legislative support for the programs
of the Department of Water Resources and the University
of California in the fields of saline water conversion
and nuclear energy sources for water projects.

"2. Immediate financial participation by the State
in a joint federal-state program for the construction
and operation of a demonstration plant for the conversion
of sea v;ater on the California coast.

"3. Intensified effort on the part of the Depart-
ment of Water Resources and the University of California
to Oi-'ovlde technological solutions to the problems posed
by the potential energy crisis.

"4, Continuation of a legislative committee as a
source of information and of coordination of the various
aspects of the problems."

In support of the foregoing recommendations , the

Legislature appropriated funds to the Department of Water

Resources for investigations of saline v;ater conversion and

potential uses of nuclear power sources as follov7s:

Studies and
Fiscal year Capital outlay investigations

1958-1959 w $117,680
1959-1960 1,600,000^/ 98,551

\CiI9&O-I96I 217,412

Appropriations to the University of California foj

research in saline v/ater conversion have been as follows:

Fiscal years 1952 through 1958 $431,000
Fiscal year 1959 420,900
Fiscal year I96O 420,900

For a cooperative federal- state sea v/ater conversion
demonstration plant: (a) Engineering studies $100,000;
(b) Investigation, nlannlng, and constructing conversion
plant $1,500,000.

XV



SYNOPSIS

This bulletin describes the various phases of the

State's Interest In nuclear energy and water demlnerallzatlon

as Initiated through the work of two legislative subcommittees

created by House Resolutions No. 88 and No. 23^ in 1957. The

Department of Water Resources commenced a long-range program

in the fall of 1957 for the study and evaluation of the prob-

lems of nuclear energy and saline water conversion, as they

apply to the water problems of California.

The history, the principal demlnerallzatlon techniques,

the present and probable future water costs, and research and

development programs, both federal and state, are described

and discussed.

The conversion of saline water has been pixsved to

be technically feasible, through bhe successful development of

a number of processes. The greatest obstacle to its more

widespread application today is its relatively high cost and

much effort is being directed toward reducing costs. It is

anticipated that most reductions will be brought about by

gradual improvements in efficiency, more effective scale and

corrosion control, better heat transfer, and cheaper materials

and fabrication techniques. Also a breakthrough to lower

costs may occur, perhaps as the result of a process not yet

known or envisioned. However, conversion of sea and brackish

water in the foreseeable future will not be able to compete

in cost with large-scale development of the State's natural

water resources. The costs of sea water conversion alone,

excluding transportation to places of use, are estimated to

xvi



lie in the range of tx'io to five times the currently estimated

costs of water supplies made available by the State Water

Facilities.

The present status and future possibilities of

nuclear energy applications are reviewed and discussed and

the principles of fission and fusion reactions are described.

It is indicated that electrical and mechanical power produced

by nuclear devices will, within the coming 10 to 15 years,

become economically competitive with power produced by hydro-

electric and fossil fuel generating plants. Therefore, it

may be expected that nuclear energy will have a marked effect

on the future development of the California V/ater Plan,

especially for electrical and mechanical power for pumping.

The types and possible uses of so-called "nonconven-

tional" sources of energy are reviewed and discussed. It is

not anticipated, however, that such sources of energy vjill

have an important immediate Influence on the current program

for large-scale development of the State's v/ater resources.

The future program of the State in the development

of v/ater demineralization and nuclear energy applications is

discussed. It is concluded that, although present water

demineralization techniques are not yet competitive with the

economies achieved in the large-scale development of natural

water resources in California, it is probable that saline

water conversion plants may have a definite place in the future

vmter program. The Department of V/ater Resources has a

definite and continuing interest in those aspects of research

and development that give promise of producing fresh water

xvii



supplies at reasonable cost. The Department of Water Resources

is also Increasingly Involved in the study of the applications

of nuclear energy to the development of a practical and

economical water program.
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GLOSSARY

Algae . A large group of simple organisms, most aquatic. They
contain chlorophyll and/or other pigments capable of storing
and utilizing energy from sunlight.

Alpha Particle . The nucleus of the helium atom of mass number
W. It has a positive charge.

Anion. A negative charged ion.

Anode . Positive electrode.

Atomic Number . The number of electrons in an atom, determining
the chemical properties of the atom.

Beta Particle . High-speed electrons that are emitted during
the disintegration process of certain radioactive materials.

Btu . British thermal unit - the amount of heat reguired to
raise the temperature of one pound of water 1 F.

Calorie . The unit quantity of heat in metric units - the heat
required to raise the temperature of one gram of water
lo C.

Catalyst . A substance which by its presence alters the rate
of a reaction and itself remains unchanged at the end of
the reaction.

Cathode . Negative electrode.

Cation . A positively charged ion.

Curie . The quantity of a radioactive substance having a
radiation capacity equal to that of one gram of radium.

Deuterium . Heavy hydrogen, an isotope of hydrogen having
atomic mass 2.

Effect . For the purposes of this report an effect is the com-
partment or vessel in which the sea water is brought to
boiling by the addition of heat from either the condensing
fresh water in submerged coils or from steam heating
coils. Several effects connected in series is termed
multiple-effect

.

Electron . A negatively chargedoConstituent of the atom, having
a mass of about 9.1 x 10-2° gram, that is, about l/l840
that of a hydrogen atom. The electrons surrounding the
nucleus of an atom determine its chemical properties. An
electric current is a stream of electrons.

xix



Electron Volt (ev) . The unit energy used In nuclear physics.
The energy acquired by an electron when accelerated
through a potential of one volt? = 1.52 x 10"1° Btu.

Fossil Fuel . A general name for those fuels (for example,
coal and oil) formed underground In the geological past.

Fuel Cell . A source of energy by oxidation by electro- chemical
means at more or less ordinary temperatures, as opposed
to combustion.

Gamma Rays . A product of radioactive disintegration: highly
penetrating electromagnetic waves of similar nature to
x-rays, but of shorter wavelength.

Heavy Hydrogen . See Deuterium.

Heavy VJater . Deuterium oxide. Its chemical properties are
nearly the same as those of normal water, but it is about
10 percent denser and has slightly higher melting and
boiling points. It constitutes about one part in 6,000
of ordinary water.

Ion . An atom or group of atoms electrically charged by the
loss or gain of one or more electrons. Its migration
through an electrolyte or a gas constitutes the transport
of electricity. Each ion carries one or more electric
charges equal to its chemical valence.

Isotope . A variety of an element which has the same number
of electrons and therefore the same chemical properties,
but a different mass.

Kilowatt . The usual unit of electrical power, being equal to
1,000 v/atts. A common size electric light bulb consumes
100 v^atts or l/lO kilowatt,

Kilovjatt-hour . The usual unit of electrical energy. It is
the amount of energy consumed when one kilowatt is used
for one hour.

Mass Number . The number of protons and neutrons in the nucleus
of an atom, accounting for almost the v;hole of the mass of
the atom.

Mev , One million ev,

mw . Megawatt, one million watts.

Mill , One tenth of a cent.

Nucleus . The core of an atom about which the electrons revolve.
Tf is comprised of protons and neutrons and has a positive
charge equal to the number of protons.

XX



Neutron. A constituent of the atomic nucleus having the same
mass as a proton, but no electric charge.

Proton . A constituent of the atomic nucleus having a positive
charge equal to that of an electron, but about 1,840 times
greater mass.

Semi-conductor . A material Intermediate between metals and
non-metals, and capable of passing an electric current
under certain conditions.

Stage . For the purposes of this report, a stage Is a compart-
ment or vessel In which the sea water Is evaporated and
the fresh vjater Is condensed In the same compartment.
Several stages connected In series Is termed multistage.

Tritium. An Isotope of hydrogen having atomic mass 3.

xxl
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CHAPTER I. DEVELOPMENT OF STATE INTEREST IN
WATER DEMINERALIZATION AND
NUCLEAR ENERGY

Preface

Within the past several decades, thoughtful indi-

viduals and groups throughout the world have been deeply-

concerned with means of meeting, in arid and semiarld regions,

the ever- increasing demands for fresh water for municipalities,

irrigation, and industry. The feasibility of converting sea

and brackish water has, as a consequence, been receiving more

and more attention as a possible medium for meeting these

increasing demands. In the United States development of

economical conversion processes is being vigorously pursued by

federal and state agencies and by private groups. Abroad,

methods of conversion are being studied in at least 15 countries —

in Europe under the sponsorship of the Organization of European

Cooperation, and in other regions of the world, largely under

the encouragement of United Nations Educational, Scientific,

and Cultural Organization (UNESCO), and by individual governments

and private interests.

This bulletin outlines the history and present status

of saline water conversion and describes the activities of the

Department of Water Resources in this field and also in the

field of nuclear and other nonconventional power sources required

for demlneralization processes and for pumping of large volumes of

water. Other applications of nuclear phenomena, such as radio-

isotopes and the possible use of nuclear explosives, are also

described.
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History

Both the California Legislature and the Department of

Water Resources have, for a number of years, fully realized the

Implications to the Interests of the State In the fields of

water demlnerallzatlon and In the application of nuclear energy

to the solution of water problems. The Legislature has been

active in this field, and the Subcommittee on Water and Power

of the Assembly Committee on Conservation, Planning, and Public

Works, under the chairmanship of Assemblyman Jack A. Beaver,

has conducted many policy studies on these subjects.

The department has instituted a continuing program

of cooperative activity with the University of California, the

Federal Government, and other organizations, for the investiga-

tion and study of promising lines of research and development

in the fields of saline water conversion and nuclear energy.

The department is also engaged in an appraisal of the possible

impact of scientific advances on the future planning of the

State's water development program. Both the department and the

University of California, under a directive of the Legislature

and by its appropriation of funds, have expanded and expedited

studies, and research and development activities in these fields.

In 1958j the department consummated cooperative

agreements with the University of California and with the

Federal Office of Saline Water. Both agreements have operated

to the considerable mutual benefit of the scientific-technical

programs.

-2-
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With regard to the department's cooperative agreement

with the University of California, the role of the University

is to give major attention to the less well-developed methods

of saline water conversion, conducting theoretical and laboratory

research and experimentation with small pilot plants where

deemed desirable. The department, on the other hand, may carry

certain seemingly promising processes into the engineering

development stage when and if conditions warrant.

Objectives and Activities

The objectives and corresponding activities of the

Department of Water Resources are dual in nature. They are being

directed to the determination of (l) feasible and economical

developments in saline water conversion processes, and (2) the

means by which applications of nuclear and other more noncon-

ventional sources of power may be employed in the form of heat

or electricity to supply the energy needed to create additional

supplies of fresh water by demineralization from ocean or

brackish water sources, or as pumping power in the conveyance of

large quantities of natural fresh waters.

To successfully accomplish the above objectives with

minimum cost and time, mutual awareness of the problems between

the scientist and engineer, and the citizens in general are

required, as is close, continuous, coordinated efforts of both

groups. This is a trend that has been increasingly employed

with success in other complex technological fields by both the

Federal Government and private industry during the past half

century

.

-3-



Up to the present time, the activities of the depart-

ment in saline water conversion have been six-fold, viz.:

1. To acquire all possible knowledge concerning

existing and potential processes

.

2. To associate and cooperate with public and

private agencies conducting research and

development

.

3. To collect and analyze technical and cost data

concerning conversion plants now in operation

or to be constructed.

4. To investigate nuclear energy and other power

sources such as solar, wind, tidal, geothermal,

waste industrial heat and the latent thermal

energy of the sea.

5. To investigate and plan in specific areas for

the application of sea and brackish water demin-

erallzation plants and nuclear energy for pumping

purposes.

6. To cooperate with the Federal Government in design

and construction of a demonstration sea water

conversion plant at San Diego.

Objectives for the Immediate future include assistance

in the construction of the San Diego demonstration sea water

conversion plant, continuation of engineering studies on one or

more promising conversion processes, a study on the application

of nuclear power to pumping in the California Aqueduct System,

and investigation of additional applications of radioisotopes

in department operations.

-4-



An example of a specific task planned for the future

is that of developing reliable means of predicting, from the

results of laboratory, pilot plant, or existing water demineral-

Izatlon plant observations, the operating characteristics,

design data, and related capital and operating costs of large

full-scale saline v/ater conversion plants.

Possible Future Effect on
the California Water Plan

The present status of saline water conversion and

its future possibilities Indicate that, with the exception of

the possibility of a major technological breakthrough, the con-

version of sea and brackish water in California v/ill cost at

least two to five times more than large-scale development and

transportation of natural water sources. Hovrever, small-scale

uses of saline vmter conversion may find practical and

economic Justification in some areas of the State isolated from

developed natural water facilities.

In the study of nuclear energy applications, it is

indicated that electrical and mechanical power produced by

nuclear devices v/ill, v;lthln the next 10 to 15 years, become

economically competitive with pov/er produced by hydroelectric

and fossil fuel generating plants. Therefore, it may be

expected that nuclear energy villi have a marked effect on the

future development of the California V/ater Plan, especially

for the electrical energy requirements for pumping.
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The forms and possible uses of so-called "nonconven-

tlonal sources of energy''^/ Indicate that useful application

to water development is unlikely. It is not expected that the

uses of these unusual sources of energy can have either an

unexpected or an important influence on the course of large-

scale development of the State's water resources.

1/ Energy derived from sources other than fossil fuels or
nuclear energy.

-6-



CHAPTER II. SALINE WATER DEMINERALIZATION

Introduction

The rapid growth of population and the parallel

intensive Industrialization and urbanization, creating an

Increasing need for agricultural products in California and in

other areas of the world, have generated a very active interest

in the possibilities of economically deminerallzing-i/ sea and

brackish water.

Nature, in the fresh water recovery phase of the

hydrologic cycle, relies on solar energy to evaporate enoimous

quantities of water from the oceans and inland seas. Unfor-

tunately, however, due to maldistribution of natural precipi-

tation and, in some places due to heavy population and related

urban and industrial development, many areas of the globe are

deficient or are rapidly becoming deficient in fresh water

supplies. Such is the case in the semlarld and arid regions

of Central and Southern California.

Historical Background

The conversion of saline water into v/ater potable to

man and useful to agriculture and industry is not nev/, and a

number of methods of accomplishing conversion have been

developed. Of the several methods, distillation is the oldest

and is likely the result of man's imitation of nature's own

conversion process as represented by the hydrologic cycle.

1/ In this bulletin, "demlnerallzation" and "conversion" are
used Interchangeably.
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In this cycle, radiant energy from the sun in the form of heat

evaporates pure water from the surface of the salty oceans.

Subsequent meteorological processes cause the condensation and

precipitation of atmospheric moisture onto the surface of the

land, followed by seepage of the water Into the ground or con-

veyance by streams and rivers into reservoirs, lakes, or oceans.

Crude distillation techniques for the purification of

chemicals probably antedate written history. However, specific

applications to the production of pure v;ater, for pharmaceuti-

cal purposes, appear to have come at a much later time. In

1683, an English patent was issued to a man named Fitzgerald

Tor a method of "sweetening" sea water. Thereafter, occasional

references to distillation of sea v/ater appear in the literature,

until the advent of the steamship in the nineteenth century

when distillation on shipboard became fairly common.

The earliest and largest distillation plant especially

designed to produce potable v/ater from brackish supplies was

constructed In the high Atacama Desert of Northern Chile, at

Las Salinas, In 1872. Extensive silver mining operations were

then in progress and all fresh water, prior to that time, had

to be hauled great distances. The Las Salinas plant was a

glass covered solar still encompassing an area of about 1.25

acres. It produced a maximum of 5jOOO gallons of fresh water

per day. On the basis of prices prevalent in those days the

total capital cost including the distiller, windmills, pumps,

piping, and tanks was reported to be $55,000. This plant was

In continuous operation for a period of 30 years.
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The use of distilled water on steamships, produced

by condensing steam from the vessel 's boilers, also dates back

to the 1880 's and this method has been increasingly employed

at sea during the present century to produce drinking and

boiler make-up water. Distillation equipment on ships has

eliminated the necessity of conveying fresh water beti-zeen ports,

and has resulted in increased cargo space. All large modem

ships are equipped with fresh water distillation equipment.

Land based sea water conversion plants in operation

or under construction throughout the world now have a total

fresh water production capability of about 24 million gallons

per day, or roughly equivalent to the fresh water demands of

an average California city having a population of about l60,000.

A decade ago, the total installed capacity v;as less than tv;o

million gallons per day, v/hich consisted principally of the

plants located in Curacao and Aruba. Processes other than dis-

tillation were studied during this early period, but little

practical application resulted.

The first plants constructed in the VJest Indies, at

Aruba and Curacao, vjere to provide water for domestic use.

Precipitation in these tv/o islands is limited in quantity and
'

occurs only during a short annual rainfall period. The

topography is such that little of the runoff is retained on

the surface and the available ground water supplies are scant.

The only alternative source of fresh v/ater was that imported

by tankers operating from South American ports.

-9-



During World V/ar II, portable water distilling units,

both for purifying the sea water and for the purification of

brackish inland waters, were vitally needed by the armed services.

This need was largely met by the use of the Kleinschmidt type

of vapor compression distillation unit, which was produced in

relatively large numbers. These units, unfortunately, had

small capacities and they produced water at extremely high cost.

Hovjever, they were both compact and versatile. Since 19^5^ the

same principle has been applied at remote armed forces bases

where no fresh water is obtainable except by expensive sea trans-

port. Examples of such locations are Greenland in the Nor'ch

Atlantic, Wake Island in the Pacific, and Turks Island in the

Bahamas. More recently this type of unit has been installed

on some off-shore oil drilling platforms (Texas towers).

Several years ago, when the Sheikdom of Kuwait, on

the Arabian Gulf, undertook the development of extensive oil

fields there arose a need for large supplies of fresh water.

To supply this need, distilling plants with an installed capa-

bility in excess of 6.5 million gallons per day have been con-

structed. The selection of the type of plant constructed was

influenced by the availability of relatively inexpensive oil as

a fuel.

As another example, in 1955 the government of Aruba,

Netherlands West Indies, was faced with the problem of a growing

population and Increased water and power needs. A compre-

hensive economic and engineering survey v;as made of all known

technioues of sea water conversion. After consideration of the
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various alternatives, a combined sea water conversion and

electric generating plant was selected. With this combination,

fresh water and power could be produced from the one plant with

higher economy than with two separate plants.

Present Status of Activity In
Saline Water Conversion

In the years since World War II, the number of large

land based saline water conversion plants has been on the Increase,

The largest plants were constructed in arid areas where fresh

water was scarce and fuel was plentiful. As more experience

was gained In saline water conversion, technical advances made

possible the reduction in cost of converted water. Many countries

began to actively engage in saline water conversion research

programs with hopes of solving their water shortage problems.

In order to facilitate the exchange of information among

countries and among v/orkers In the field, the United Nations

Educational, Scientific, and Cultural Organization (UNESCO) con-

ducted a number of conferences, as did professional and govern-

mental agencies, particularly in the United States.

Conversion Plants Nov/ In Operation

The number of land based saline v/ater conversion in-

stallations in operations is growing rapidly. For example,

plants recently have been ordered or completed in such vrldely

separated areas as Ecuador, Bermuda, St. John, Virgin Islands,

Kuwait, Aruba, Curacao, and Peru. Table 1 Indicates the major

sea and brackish water conversion plants located throughout the

v;orld.
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TABLE 1

MAJOR SEA AND BRACKISH WATER CONVERSION PLANTS^/

(Existing or under construction)

Location :



TABLE 1 (continued)

IIAJOR SEA AND BRACKISH WATER CONVERSION PLANTS^/

(Existing or under construction)

; Nature of
: water de-
; mineralized

-.Approximate installed
Process : capacity (gallons per

; day of fresh water)
Location

Government of
Ecuador Sea

Morro Bay, Cali-
fornia (PG&E) Sea

Thule AFB,
Greenland Sea

Gulf of Mexico
(Preeport Sul-
fur Company) Sea

Distillation

Distillation

Distillation

Distillation

200,000

150,000

130,000

120, 000

Ventura, Cali-
for'nia (So.
Cal. Edison
Co.)



TABLE 1 (continued)

MAJOR SEA AND BRACKISH WATER CONVERSION PLANTS^/

(Existing or under construction)

; Nature of
; water de-
; mineralized

'.Approximate installed
Process : capacity (gallons per

: day of fresh x-jater)

Location

Saltair, Utah Brackish Electrodialysis

New York (Thru-
way Authority) Brackish Electrodialysis

12,000

12,000

1/ Excludes numerous installations on naval and commercial ships
and portable units used in remote Pacific Islands and in other
parts of the world.

2/ Salinity of Arabian Gulf waters averages 43^000 ppm compared
with 35jOOO ppm for "standard" sea water.

In addition to the plants specifically constructed

for the purpose of converting highly saline vmters, many

companies are engaged in the production of bottled drinking

water, using similar processes, and produce a moderate amount

of distilled water from ordinary potable water which may contain

several hundred parts per million of dissolved solids. Plants

with capacities as great as 100,000 gallons per day have been

constructed in Southern California. The water produced is

sold both commercially and domestically to those who, for one

reason or another, desire to have distilled water available.

Such treatment is not required for domestic uses in California

except as personal preference dictates, for the quality of

normal municipal supplies utilized as source water is within

the standards permitted for such uses.
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Institutions Engaged In Research on Saline Water Conversion

The General Conference of United Nations Educational

,

Scientific, and Cultural Organization (UNESCO), at Its ninth

session In December 1956, Included In the Major Project on

Scientific Research on Arid Lands a proposal to establish a

central service to facilitate the exchange of Information between

the various Institutions working on saline water conversion.

This was to form a continuation of the coordinated exchange of

Information which had begun under the auspices of the Organization

for European Economic Cooperation (OEEC). Under this program,

several member states of OEEC had arrived at agreements for

cooperative research on saline water conversion, such as research

on vaporization conducted jointly by the Admiralty Materials

Laboratory (United Kingdom) and the Central Technical Institute

(TNO), Netherlands. Similar agreements were made In the field

of electrodlalysls and distillation by means of solar energy.

The UNESCO Advisory Committee on Arid Zone Research,

at Its 13th session, recommended that the organization undertake

a survey of Institutions and laboratories engaged in research on

saline water conversion. A questionnaire was prepared and

mailed to Interested institutions in the spring of 1958. A

summary of the results of the survey, showing the countries and

types of research activities in water demlnerallzation is

indicated in Table 2.

Conferences and Symposia

The accelerated Interest in water demlnerallzation

during the past decade is Indicated by the numerous meetings
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that have been held throughout the world to discuss various

phases of the problem. Table 3 summarizes the more important

conferences and symposia.

Sea Water and Brackish Water Characteristics

There exists no clear-cut definition in terms of

salinity of sea and brackish v;ater. It is arbitrarily estab-

lished in this bulletin that water with total dissolved solids

content between 1,000 and about 30,000 parts per million (ppm)

is termed "brackish". Water of salinity from about 30,000 ppm

to about 55jOOO ppm is termed "sea water".

Sea Water Characteristics

Sea water is an aqueous solution of dissolved solids

and gases which generally contains, in addition, suspended

organic and inorganic material . There are about 50 chemical

elements known to be present in solution in sea water, of which

40 of the most common are given in Table 4. The water in most

oceans of the world contains about 3.5 percent or 35^000 ppm

total dissolved solids. Inland seas and lakes may contain water

of much higher salinity (for example, the Arabian Gulf water

averages 43,000 ppm) while other ocean coastal waters such as

bays and estuaries may be diluted by rivers to half or even

less of normal sea v;ater salinity. Typical variations of the

salinity of ocean and sea v;ater are listed at the top of

page 20.
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Extraction of Minerals

The extraction and sale of minerals from ocean water

Is a suggestion frequently brought forth as a means of reducing

the cost of water demlnerallzation processing. The various

quantities of minerals in cubic mile of sea water are shown

on Table 5.

Salt has been extracted from sea water by solar

evaporation since ancient times, and this process is still common

in California where the heat of the sun can be employed in

shallow ponds to evaporate the water. The metal magnesium is

now commercially extracted on a large scale by precipitating

magnesium oxide by the addition of lime to the sea water.

Bromine is also extracted by treating sea water with chlorine.

Bromine is employed in the manufacture of dyes, drugs, and

anti-knock additives for motor fuels.

All of the sea water conversion processes now being

investigated produce a concentrated brine as a by-product. To

extract any of the minerals from the by-product would require

further treatment and added expense. With the present known

methods of separation, the profits would not be sufficient to

appreciably lower the cost of converting sea water to fresh

water.

Brackish Water

As previously defined for use in this bulletin,

brackish water is water containing 1,000 to about 30,000 parts

per million of dissolved solids.
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TABLE 5

APPROXIMATE AMOUNT OF MINERALS JN
ONE CUBIC MILE OP SEA WATERi/

V/elght, In tons"Mineral

Sodium Chloride (common salt)

Magnesium Chloride

Magnesium Sulphate

Calcium Sulphate

Potassium Sulphate

Calcium Carbonate

Magnesium Bromide

Bromine

Strontium

Boron

Fluorine

Barium

Iodine

Arsenic

Rubidium

Silver

Copper, Manganese, Zinc, Lead

Gold

Radium

Uranium

120,000,000

18,000,000

8,000,000

6,000,000

4,000,000

550,000

350,000

300,000

60, 000

21,000

6,400

900

100 to 12,000

50 to 350

200

up to 45

10 to 30

up to 25

about 1/6 (ounce)

7

1/ Smith, F. G. ¥., "The Sun, the Sea, and Tomorrow:
Potential Sources of Food, Energy and Minerals from the
Sea", Charles Scribners, New York, 1954.
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It Is unfortunate that In many arid areas of the world

the only water locally available is from underground supplies

which are brackish. In many areas the local inhabitants must

either tolerate this water condition or import supplemental

supplies of fresh water for their use. In some cases the ground

water supply is adequate in quantity to meet the local needs

but is unusable due to its brackish quality.

California has many areas where the quality of ground

water ranges between 1,000 to 3^000 parts per million total

dissolved solids. There are a few areas in California that have

ground water with 3^000 to over 10,000 parts per million total

dissolved solids.

It is possible for a few wells, that are producing

acceptable quality water, to exist inside an area designated as

a brackish water area. Ouite often these better quality wells

degenerate with use to eventually produce brackish water similar

to that In the surrounding area.

Some rivers and streams have brackish water with

various amounts of dissolved solids depending on the season of

the year. For example, the New and Alamo Rivers in Imperial

Valley, California, range from about 2,000 to 3^000 parts per

million. The Salton Sea, into which these rivers flow, ranges

from about 33^000 to 36,000 parts per million.

Desirable VJater Quality

For water potable to man there are rather strict

limitations regarding the quantities of dissolved solids

permissible.
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Criteria presented In the following sections can be

utilized in evaluating mineral quality of water relative to

existing or anticipated beneficial uses. It should be noted

that these criteria are merely guides to the appraisal of

water quality. Table 6 gives the limiting concentrations of

mineral constituents for drinking water, as proposed by the

United States Public Health Service and adopted by the State

of California. Except for those constituents which are con-

sidered toxic to human beings, these criteria should be con-

sidered as suggested limiting values. A water which exceeds

one or more of these limiting values need not necessarily be

eliminated from consideration as a source of supply, but it

should be carefully evaluated from the health standpoint before

being accepted for drinking.

TABLE 6

UNITED STATES PUBLIC HEALTH SERVICE
DRINKING WATER STANDARDS

1946

^



Criteria for mineral quality of irrigation water have

been developed at the University of California at Davis and at

the Rubidoux and Regional Salinity Laboratories of the United

States Department of Agriculture. Because of diverse climato-

logical conditions and the variation in crops and soils in

California^ only general limits of quality for irrigation waters

can be suggested. A set of criteria based upon studies by the

University is given in Table 7.

TABLE 7

QUALITATIVE CLASSIFICATION
OF IRRIGATION WATERS

Class 1
Excellent
to good

I Class 3
; Injurious to
; unsatisfactory

Chemical properties
: Class 2
Good to

: injurious

Total dissolved solids^
in ppm

Conductance, in
micromhos at 25° C

Chlorides, in ppm

Sodium, in percent of
base constituents

Boron, in ppm

Less than 700 700-2000 More than 2000

Less than 1000 1000-3000

Less than 175 175-350

Less than 60 60-75

Less than 0.5 0.5-2.0

More than 3000

More than 350

More than 75

More than 2.0

The criteria shown in Table 7 have limitations in

actual practice. In many Instances, a water may be wholly

unsuitable for irrigation under certain conditions of use, and

yet be completely satisfactory under other circumstances. Con-

sideration also should be given to soil permeability, drainage,

temperature, humidity, rainfall, and other conditions that can

alter the response of a crop to a particular quality of water.
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Energy Requirements for Sea Water Conversion

It can be readily demonstrated, based on established

physical and thermodynamic principles, that a certain minimum

energy is required to separate the dissolved solids from saline

water. Although saline water is in itself a relatively simple

system of dissolved salts, it is, on the other hand, a system

that possesses considerable stability. As a consequence,

relatively large amounts of energy are needed to separate the

salts from the water.

Minimum Energy Requirements

The theoretical minimum energy required to convert

average sea water is approximately three kilowatt-hours per

1,000 gallons, or 975 kilowatt-hours per acre-foot of fresh

water. The figure of 975 kilowatts per acre-foot is not depen-

dent upon the conversion process as it represents only the energy

needed to overcome the stability of sea water systems. Actually,

Murphyi/ and other investigators have shown that a practical

minimum energy requirement is approximately four times the

above figure and it is improbable that any actual process will

operate with less than this latter energy requirement. To this

must be added energy for pumping through the conversion plant

(about one kilowatt-hour per 1,000 gallons). Thus, the least

foreseeable energy requirement is about 13 kilowatt-hours per

1,000 gallons. A power cost of one cent per kilov7att-hour

would result in an energy cost per 1,000 gallons of $0.13 or

1/ Murphy, G. W., "The Minimum Energy Requirement for Sea Water
Conversion", Research and Development Progress Report No. 9,
Office of Saline Water, April 1956.
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about $42 per acre- foot. Each one mill change in the cost of

pov^er would result in a variation of $4.24 per acre-foot under

the stated conditions of energy requirements. Conversion

plants located at sea level would require additional energy

to pump the converted sea water to points of consumption and

to furnish required service pressures.

Classification of Process Energy Needs

Of the several methods for demlneralizing water^

two classifications are useful, the first relating to type of

energy required for various demlneralizing processes and the

second relating to the variation of the required energy with

the initial salinity of the water. Table 8 lists the type of

energy required for various types of conversion processes.

Table 9 lists the same processes as appear in Table 8, divided

into two groups. The first group includes all of the processes

for which the energy requirement is essentially independent of

the Initial salinity of the water supply, and the second group

Includes the processes for which the energy requirement is

strongly influenced by the initial salinity.

Those demlnerallzatlon techniques depending on

separation of water from the dissolved solids, such as distil-

lation and freezing, are almost entirely unaffected by the

composition and the concentration of solids present. Conse-

quently, all concentrations and types of mineralized water can

be purified with almost equal facility by such processes. On

the other hand, techniques that remove solids from the water,

such as electrodialysis, are markedly affected by the composi-

tion and concentration of the minerals present. Consequently,
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TABLE 8

TYPE OP ENERGY REQUIRED FOR
VARIOUS CONVERSION PROCESSES

Type of energy^ Conversion process

Heat

Mechanical

Electrical

Chemical

Multiple-effect distillation
Multistage flash distillation
Supercritical distillation
Vacuum flash distillation
Solar distillation

Vapor compression distillation
Freezing
Reverse osmosis

Electrolysis
Electrodialysis

Ion exchange
Precipitation

TABLE 9

CLASSIFICATION OP CONVERSION PROCESSES
BASED ON THE VARIATION OF ENERGY
REQUIREMENT WITH INITIAL SALINITY

Type of energy" Conversion process

Processes in which the
energy requirement is
essentially independent
of initial salinity.

Processes in which the
energy requirement depends
on initial salinity

Multiple-effect distillation
Multistage flash distillation
Vapor compression distillation
Supercritical distillation
Vacuum flash distillation
Solar distillation
Freezing
Reverse osmosis

Electrodialysis
Ion exchange
Chemical precipitation
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such methods are best suited to the deminerallzation of moderately

trackish or greatly diluted sea water rather than for purifying

normal sea water.

Methods of Converting Saline
Water to Fresh Water

Methods for separating fresh water from saline water

may be broadly classified as distillation processes, freezing

prvDcssses, membrane processes, and a number of other processes

based on chemical and physical laws. While relatively few

phenomena have been utilized in deminerallzlng water commer-

cially, experimental work is being carried on in many fields of

saline water conversion. It is the Intent of this section to

review the basic particulars of several of the existing separa-

tion schemes.

Distillation Processes

Thermal distillation is both the oldest and most

widely used technique for obtaining fresh water from the sea

and accounts for over 90 percent of the installed capacity of

deminerallzation plants located throughout the world. In its

most elementary form, it is a means of removing pure water

from brine by evaporating the water in a boiler and then con-

veying the vapor to a cooling device that condenses the vapor

into fresh water.

Simple Distillation . A simple distillation process

Is schematically shown in Figure 1. It requires approximately

800 times as much energy as the theoretical minimum (three

kilowatt-hours per 1,000 gallons) discussed earlier in this

chapter.
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Economy In the utilization of energy in distillation

can be accomplished by the re-use of heat as is shown in

Figure 2. Multiple re-use of heat is an essential feature of

the design of all modern distillation plants and is called

multiple-effect or multistage, depending on, the detail of the

processing. These techniques are described in the following

paragraphs

.

Multiple-effect Distillation . Multiple-effect

distillation, the principal method used in large sea viater

conversion plants at the present time, is shown in Figure 3.

In the multiple-effect technique, steam produced in the first

effect is condensed in the following effect. As a consequence,

it furnishes heat for evaporating more water from the latter

effect. Each effect is operated at a lower pressure than

the previous one and the pressure changes correspond to the

temperature differences required to produce the flow of heat

needed. Plants now exist with various number of effects, the

most common being three. Six effects have been employed, v/hich

nearly doubles the economy of three effects. The oldest and

most advanced development of the multiple-effect distillation

process has been for marine applications where high costs to

produce fresh water production are justified when space is

saved and increased cargo earnings more than offset the cost

of the water processing. The first large land-based distilling

plants followed marine practice closely. However, recent

designs for large land plants have tended to depart markedly

from marine practice because of recent advances in technology
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and the fact that equipment space requirements on land are

not as restrictive as aboard ship.

Concerning the probable ultimate cost of water

produced by large multiple-effect plants^ Sondermani/ has

recently concluded that $1 per 1,000 gallons ($326 per acre-

foot) is a reasonable minimum to be expected for this type

of plant. This conclusion is based on experience gained in

the construction of the 2.7 million gallons per day six-effect

plant at Aruba, Netherlands West Indies. The capital cost

of the Aruba plant, which produces electric pov/er as well as

potable water, is about $4 per gallon per day of capacity.

The fresh water at this new plant was estimated during design

to cost $1.75 per 1,000 gallons ($470 per acre-foot) of which

fuel was $0.80, maintenance and operation $0.30, and capital

charges $0.65 per thousand gallons. Recent advances in equip-

ment design and the increased sale of by-product power may

reduce costs to $1 per 1,000 gallons in the future for large

installations of this type.

An experimental plant designed and built by

Professor LeRoy A. Bromley at the University of California

utilizes 30 effects, and makes use of rotating heat transfer

surfaces . These rotating surfaces render the transfer of heat

more effective and make possible the immediate passage of

steam from evaporating surface to condensing surface without

the extensive piping used in present plants. Mechanical energy

must be supplied to rotate the heat transfer surfaces, which

1/ Sonderman, G. E., "Today's Price for Fresh Water from the
Sea", Consulting Engineer, February 1958.
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adds to the cost of the product water. This type of equipment

may find application to smaller capacity plants.

Flash Distillation . Plash distillation Is schemati-

cally Indicated In Figure 4 which represents a two- stage plant,

In this process heated sea water Is released Into a closed

vessel that Is maintained at a lower pressure than the vapor

pressure of the heated sea water. As a result, a portion of

the sea water flashes Into vapor which in turn is condensed to

form fresh water. At the present time (196O) from 12 to 30

stages are used in large installations. Economy is expected

to be better with the multistage flash plant than with conven-

tional plants of the multiple-effect type (see Glossary for

definitions of "stage" and "effect"). In Figure 5 is shown

10 stages in one vessel. The combining of several stages in

one vessel permits a saving in both material and labor costs.

The California experimental demonstration plant which is to

be built at Point Loma, San Diego, will have 36 stages, with

as many as 8 stages in one vessel. Figure 6 Illustrates how

a nuclear reactor can be utilized as a heat source with a

multistage flash evaporator to convert sea v/ater. Figure 7

shows the recently completed 26-stage, 100,000 gallons per day

sea water conversion plant at Mandalay Beach, near Oxnard, for

the Southern California Edison Company.

Vacuum Flash Distillation . The vacuum flash distil-

lation process makes use of two existing water supplies of

different temperatures, such as exists between the surface and
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Figure 7
Courtesy Southern California Edison Company

The Southern California Edison Company sea water conversion unit at

Mandalay Beach, located adjacent to the power plant facility. The 26-stage

evaporation conversion plant has a capacity of T 00,000 gallons of fresh

water per day.





ocean depths. This scheme has the merit of requiring no fuel

energy for the separation, providing two sources of water are

available having a temperature difference of at least 20° F.

Warm water from the ocean surface is sprayed into a vacuum

chamber where a small part of it flashes into steam and the

remainder is cooled a few degrees in the furnishing the heat

for evaporation. The vapor then passes into a condensing

chamber where it is condensed on the outside of cold metallic

tube surfaces and collects as fresh water. The cooling is

furnished by the cold water from the ocean depths which is

circulated through the condenser tubes.

While warm waste or cooling water from some power

plants and industries vjould furnish some small sources of

energy for this scheme, the largest application would be that

of the ocean itself, where unlimited quantities of water are

available. Deep submarine canyons at several locations

adjacent to the California coast have been investigated as

possible sources of cold water for this process. A temperature

differential of at least 20° F. is required between the two

sources of supply for minimum operation, and this can normally

be attained at southern latitudes by using water from a depth

of about 2,500 feet for one so\jrce and water from the surface

as the other source.

An experimental vacuum flash distillation plant of

about 3,000 gallons per day capacity was built at the Richmond

Field station of the University of California. This plant is

Illustrated in Figure 8.
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Super- critical Distillation . Figure 9 Illustrates the

system known as super- critical distillation. This system

utilizes the fact that the heat required to vaporize water

In Its critical state Is zero (and is. also very small, just

below this pressure and temperature). The critical pressure

for water Is about 3,206 pounds per square inch absolute, and

the critical temperature is about 705° P. In this technique,

sea water is pumped through a heat exchanger at super- critical

pressure. The fresh water produced runs through the same heat

exchanger, in the opposite direction, as does also the v;aste

concentrated brine. When the hot sea water leaves the heat

exchanger, it is passed into a separately heated vessel where

only a small amount of additional heat is required to cause

partial vaporization. At this point, the vapor is separated

from the brine and is returned to one of the passages in the

heat exchanger, while the brine is fed into another return

passage in the same heat exchanger.

Several serious problems of design and operation are

yet to be solved, including:

1. Selection of suitable materials for the heat

transfer surface that can resist the extremely corrosive

properties of the very hot sea water.

2. Means for preventing or reducing the rapid

deposition of scale.

3. The design of efficient hydraulic turbines and

pumps to effectively handle sea water and brine at the tempera-

tures and pressures used in this system.
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Figure 8
Photograph by DWR

Experimenial vacuum flash distillafion plani at fhe Richmond field station

of the University of California.
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Up to the present time, a complete solution of these technical

difficulties has not been obtained and little practical appli-

cation of this process has resulted.

Vapor Compression Distillation . Vapor compression

distillation is illustrated in Figure 10. This process makes

use of the well-established physical principle that when a

vapor is compressed its temperature is raised. Considerable

economy of energy is achieved by this technique of increasing

temperature by compression of the gas. The hot steam is then

condensed in the heating section of the evaporator where the

released heat is used to produce more steam and as a conse-

quence, the economy of operation is relatively high. There is,

hov/ever, a small amount of auxiliary heat required to make up

for the losses in the system. A disadvantage of the vapor

compression distillation technique is that the plants are

complicated, particularly the large size, and the capital costs

are correspondingly high. Commercial units as large as 50,000

gallons per day capacity of fresh water have been constructed

and operated. A new rotating device for increasing the trans-

fer of heat In the vapor compression system has been invented

by Dr. Kenneth C. D. Hickman, and this invention gives promise

of markedly reducing the costs of units of relatively small

size.

Solar Distillation . Distillation by solar heating

has been practiced for many years. A solar still of the

greenhouse type is schematically illustrated in Figure 11, and

various types of experimental solar distillation apparatus at
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Richmond Field station, University of California, are shown in

Figure 12. As can be seen in Figure 11, the rays of the sun

pass through a glazing of glass or plastic and heat the saline

water in the bottom insulated tray. Vaporized water is conveyed

by convection and condenses on the inner glazing surface and

runs dovm Into collecting troughs. An obvious advantage to

solar distillation Is that the energy (insolation) is free, and

in v.arm arid climates the source during daylight hours is fairly

constant. A disadvantage Is the low efficiency of the system,

the large amount of land needed to produce sizeable quantities

of fresh water, and the correspondingly high capital costs. A

series of experiments with various forms of solar distillation

equipment have been conducted at the University of California

during the past seven or eight years. In addition, test work

under the auspices of the Office of Saline VJater, United

States Department of the Interior, has been conducted by

various institutions such as the New York University and the

Bjorksten Laboratories, Kadlson, Wisconsin. The Office of

Saline V/ater also operates a test facility at Port Orange,

Florida. Experiments have been carried out on similar units

by Investigators in Algeria, Australia, Cyprus, Italy, and in

the Virgin Islands. Several semi- commercial plants have been

built in Algeria and Australia. Up to the present time, no

largo-scale commercial installations have been constructed.

The largest solar plant known was the plant built and operated

in South America In the l870's, which was described previously

on page 8.
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SUNlS RAYS

GLASS ENCLOSED
GREENHOUSE

CONDENSED
WATER DROPLETS

FRESH WATER
COLLECTING TROUGH

SEA WATER
INSULATION
UNDER PAN

Operation-

Figure 11

SOLAR STILL

The sun's rays pass through the glass and heat the sea water in the pan to a higher

temperature than the outside air. The moisture from the heated sea water condenses

on the cooler glass top and trickles into the fresh water collecting trough.





Figure 12

Experimental solar distillafion apparatus at the Richmond field station of

the University of California.

Photograph by DWR





Research has Indicated that, on a year-around basis,

only about one-half of the solar energy striking a horizontal

surface is absorbed as heat by the fresh water produced in

simple solar stills. This results in production rates, for

California latitudes, of approximately one gallon per day for

each eight square feet of horizontal collector surface. This

would amount to about four acre- feet per year for each acre of

solar stills. The construction cost of simple solar stills

is about $10 per gallon per day of capacity at the present time

which contributes to an excessively high product water cost.

Freezing Process

Freezing, as a method of water demineralizing, has

been frequently suggested since when sea water iir, solidified

only the pure v;ater forms crystals while the dissolved minerals

remain in solution as brine. The energy requirements are also

attractive, as the latent heat of fusion is only about one-

seventh that required for vaporization. One type of freezing

technique is illustrated by Figure 13. A major problem ham-

pering the commercial development of this technique is the

difficulty encountered in separating the brine from the ice

crystals since small amounts of brine are trapped between

crystals as the ice is formed. Systems for separating the ice

from the brine involve one of the following, viz.:

1. Compression of the ice so that the brine is

forced out.

2. Centrifuging and washing the ice.
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3. The migration of pockets of brine to the ends

of solid ice cylinders induced by the movement of a heated zone

along the cylinder.

4. Counter- current flow of recycled fresh water

through a wash column.

Efforts to separate the ice and brine by centrifuging have been

conducted by a number of experimenters. Up to the present time,

results have not been encouraging as only about 20 percent of

the sea water has been recovered as fresh water, the remainder

of the water being needed for washing. The Carrier Corporation,

under the auspices of the Office of Saline Water, United States

Department of the Interior, has constructed and tested a small

unit employing a freeze-evaporation process. In this technique,

a suspension of ice in brine is formed v/hen cold sea v;ater is

sprayed into a vacuum chamber. The suspension is then pumped out

of this vacuum chamber into the bottom of a washing column where

fresh water added for washing flows downward against the ice

particles which are rising because of their buoyancy. Brine,

diluted with wash water, is then removed from the bottom of the

washing column and fresh water is obtained from the melted ice.

Membrane Processes

Electrodialysis , The process known as electrodialysis

is, as a practical means of demineralizing, a fairly recent

development. This process, diagrammatically shown in Figure ik,

makes use of the electrical characteristics of the mineral con-

stituents of brackish or sea I'/ater. For example, common salt

(NaCl) when dissolved in water dissociates into charged atoms
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HIGH VACUUM PUMP

COOLING COIL

REFRIGERATOR

WASH COLUMN
SPRAY PUMP

SEA WATER

ICE SLURRY PUMP

FRESH WATER

HEAT EXCHANGER

CONCENTRATED
BRINE

say

Figure 13

FREEZING PROCESS

Operation— Sea water is cooled in the heat exchanger and is then sprayed into the freezer which

is maintained at a temperature of 24F and a high vacuum of 3mm of mercury. At this

temperature and vacuum about half of the sea water is frozen into an ice and brine

slurry. The wash column washes out the brine with a counter-current fresh water stream

and the ice is melted into fresh water.





BATTERY OR DIRECT
CURRENT SOURCE

r

rmi
I

FRESH
WATER

.J>-\

:.®

CATION -PERMEABLE-
MEMBRANE

ANION - PERMEABLE-
MEMBRANE

'©

®

®.

,e

ff)

®,

\
.0

BRACKISH
WATER

©.

©

©

LJ-JL

3
—

®.

"®

/
G

®

©,

®
0^

CONCENTRATED
BRINE

^^

\®

@ SODIUM ION (POSITIVE) CATION

Q CHILORINE ION (NEGATIVE) ANION

Figure 14

ELECTRODIALYSIS PROCESS

Operation— As brackish water flows through each passage between membranes, an

electric current attracts the negative or anions to the right and the positive

or cations to the left. The cation permeable membrane allows only

positive ions such as sodium to pass through and only in the one direction.

The anion permeable membrane allows only negative ions such as chlorine

to pass through and only in the one direction. As a net result fresh water is

formed in alternate passages.
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called Ions, one type being sodium Ions (termed "cations"),

each of which carries a positive electrical charge, and the

other tjrpe being chlorine Ions (termed "anions"), each of v/hlch

carries a negative electrical charge. If a flow of direct

electrical current Is made to pass through the mineralized

solution between tv;o plates (knov^m as electrodes, one plate

being electrically positive v/hlle the other Is electrically

negative), then the positive sodium Ions (cations) will be

attracted to the negative electrode (cathode) and the negative

chlorine Ions (anions) v/111 be attracted to the positive elec-

trode (anode). By this technique, employing a suitable trapping

device, most of the sodium and chlorine can be removed, leaving

as a product water greatly reduced In dissolved solids. Succes-

sive stages or repetitions of the above basic processing permit

demlnerallzatlon to any extent required. In the actual process,

stacks of plastic membranes are used which are selective to

either positive or negative Ions, thus allowing only sodium Ions

or only chlorine Ions to pass through Into other compartments.

These tv;o types of "ion selective" membranes are alternated

throughout a membrane stack.

Electrodlalysls equipment Is still In a relatively

early stage of development and extensive operating experience

on large plants Is limited. An electrodlalysls plant located

at Bahrein In the Middle East has the longest period of opera-

tion, having been installed in 1953 and enlarged to a total

dally capacity of 86,400 gallons in 1957. A plant v;lth a -

capacity of about 2,800,000 gallons per day of potable v/ater
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Is being constructed In South Africa, to reclaim saline water

encountered In gold mines

.

In 1959j a plant was constructed and placed In opera-

tion by Ionics, Inc., of Cambridge, Massachusetts, at Coallnga,

California, having a capacity of 28,000 gallons per day.

Figure 15 shows the inside of the Coallnga plant. Ionics has

engaged in development of this process for a number of years and

the total capacity of all electrodialysls plants, constructed

by the firm now (1960) approximates about 600,000 gallons per

day.

At present, membrane replacement costs are excessive,

being very nearly 50 percent of the operating costs. Undoubtedly,

continued development of reliable membranes V7lll lead to reduced

initial costs as well as increased life, with the result that

future costs v^^ill be less. Electrodialysls has an advantage

over distillation techniques in that the energy required is

proportional to the weight of dissolved minerals removed rather

than being proportional to the weight of water produced. As a

consequence, electrodialysls is well adapted to the deminerali-

zation of most brackish water where the amount of minerals to

be removed is relatively small, with the consequent small energy

requirements. In some areas this process may eventually compete

with the cost of Importation of natural water. Considerable

use will probably be made of the technique of "blending" with

high quality water supplies to improve the overall quality of

water supplies from brackish sources.
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Figure 15

The brackish water conversion plant at Coalinga, California. This plant is

of the electrodialysis type and has a capacity of 28,000 gallons per day.

Courtesy City of Coalinga





Reverse Osmosis . Osmosis is the process in which a

dilute solution passes through a membrane to a more concen-

trated solution. Reverse osmosis as the v/ord implies, is the

reverse of the normal process of osmosis. In the reverse process

pressure is applied to the concentrated solution (more than 370

pounds per square inch for sea water) to overcome the osmotic

pressure and force the flow from the more concentrated solution

to the dilute solution. As a result of this reversed flow, more

dilute solution (demlneralized water) is formed.

The University of California at Los Angeles has done

considerable work with this process. Some of the difficulties

are the slow rates of flow and the short lives of the membranes

under the pressure required.

Other Conversion Processes

Ion Exchange . The ion exchange technique has been

in wide use for treating water for use in steam generating plants

and for domestic water softeners. The principle of a normal ion

exchange process is that the water containing ions of a sub-

stance to be removed ("A" ions) is caused to trickle through a

bed of granules (ion exchange resin) containing ions of a

substance acceptable for the proposed use of the v/ater ( "B" ions),

The "A" ions then exchange places with the "B" ions, the

granules become coated with "A" ions, and the water leaves the

bed containing the "b" ions. When the supply of replacement

ions is depleted, the flow of product v;ater is stopped and the

granules are regenerated by flushing a concentrated solution of

"B" ions through the granule bed. In the flushing operation,
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the granules are forced to exchange the "A" ions for the "b"

ions because of the high concentration of the latter. The

regeneration cycle can be repeated many times. The main factor

inhibiting the use of this method for sea water conversion is

the high cost of ion exchange materials.

In the case of the home water softener, calcium ions

in the entering hard water are exchanged for sodium ions in

the softener or ion exchanger. The sodium ions in the product

water are not so detrimental and permit the formation of soap

suds; hence, the water is considered as being softened. V/hen

the home water softener is depleted, it can be regenerated with

a concentrated solution of common salt (sodium chloride).

Industrial ion exchangers operate on the same

principle, but use various types of ion exchange materials in

order to obtain the type of product water required. In some

cases, industries (steam generating plants in particular) use

this process to completely demineralize water for their use.

The University of California has experimented in the

use of salts of volatile materials for the replacement ions,

followed by the recovery of the volatile components from the

product water as gases and their re-use as gases in the

regenerating process. So far, the work has utilized ammonium

bicarbonate, yielding ammonia and carbon dioxide gases when

heated. These gases are then dissolved and used in the regen-

erating solution. The general conclusion is that the partic-

ular system studied requires an excessive amount of heat energy

for the liberation of the gases. However, since this high heat
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requirement is due to the nature of the ammonium bicarbonate,

a search is being made for materials requiring less heat energy

for the liberation of the gases.

Separation by Solvents . The separation of fresh water

from sea or brackish water by solvents is an interesting concept

that depends on the ability of a liquid to absorb large quan-

tities of water from a saline solution. By this means, it is

theoretically possible to add solvents to saline water, thus

dissolving a portion of the water and concentrating the minerals

in the remaining brine. The organic solvent containing water is

separated from the brine and the fresh water is then separated

from the organic solvent. To be effective, a solvent is needed

that exhibits sharp solubility changes with temperature, and

has a high selectivity for v;ater over salt.

Precipitation . Proposals have been made to use

chemicals v/hich when mixed with sea water vrauld precipitate the

salts into an insoluble form. These insoluble salts could

then be removed by sedimentation or filtration. The high cost

of chemicals which have been used in laboratory trials for this

process indicates that the process is too expensive to produce

large quantities of fresh water economically. If a less costly

recovery process can be discovered to reclaim the expensive

chemicals for re-use, this process could be very promising.

Algae Experiments . It has been found that certain

algae absorb the unwanted salts from sea v;ater. This suggests

several possible schemes for demineralizing sea v/ater.
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Experiments at the University of California at Los Angeles are

being conducted with algae grovm in a combination of sewage

effluent and sea water^ and are primarily concerned with

measurements of the capacity of the algae to absorb the minerals

from sea water. Favorable results would lead to the installa-

tion of a small pilot plant. Also, other studies at Richmond,

California, have grown out of the very extensive work done

there on sewage treatment by algae. Resources Research, Inc.,

has studied several species of algae which concentrate sodium.

One species was able to maintain an internal concentration of

sodium which was t^^^ice that of the medium. The medium in this

case was about 10 percent sea water.

Department of Water Resources Activities

In order to keep abreast of rapid developments in

the sea water conversion and nuclear energy field and to apply

these techniques to water resources developments, a legislative

subcommittee in 1958, recommended that the Legislature support

studies on the application of saline water conversion and

nuclear energy to water projects under the Department of Water

Resources. At that time, a unit knovm as the Applied Nuclear

Engineering Unit was established in the department to engage in

activities in both the saline water conversion and the nuclear

energy field. The various phases of these activities in the

field of saline water conversion are described below.

Department of Water Resources

—

Office of Saline Water Cooperation

By virtue of a provision in the Saline Water Act

(Public Law 448, July 3, 1952) permitting the Office of Saline
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V/ater, United States Department of the Interior, to cooperate

v;lth state and public agencies, and through the natural desire

of the Department of Water Resources to take full advantage of

the Information accumulated In the federal program, the State

of California entered Into a formal cooperative, agreement with

the Office of Saline Water In March 1958. California was the

first state to participate in such an agreement, being followed

by New Mexico in 1959. The agreement between the Office of

Saline Water and the State of California calls for the mutual

assistance and exchange of information on techniques and

economics of salt water conversion, and on the programs of each

agency relating to water problems in general

.

Two projects in the federal-state cooperative program

are of special importance. One is the department's participa-

tion in an engineering study contract covering a distillation

conversion plant combined with a nuclear reactor as a heat

source, and the other is participation in the design, construc-

tion, and operation of a demonstration sea water conversion plant

to be built in California.

The study contract was awarded to the Fluor Corporation

of Los Angeles and Involved an engineering design study and

preparation of a cost estimate for a 50,000,000 gallon per day

conversion plant utilizing a multistage flash distillation system,

and employing a pressurized water-type nuclear ..reactor plant of

370 thermal megawatt capacity as a source of heat. A similar

engineering design study was made by the Fluor Corporation for

a 1,000,000 gallon per day plant including either a reactor or
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a conventional boiler, using data developed In the study for

the larger plant. The cost of these studies was about $107,000,

of which the Department of Water Resources contributed $40,000,

in the belief that much promise in the sea water conversion

field lay in nuclear energy as a heat source and in the multi-

stage flash system as a distillation process.

Department of V/ater Resources--
University of California Cooperation

The Department of Water Resources and the University

of California have a common interest in achieving demlnerallza-

tion of saline water at a cost sufficiently low to be useful

for agriculture, municipal, and Industrial purposes in California.

In order to coordinate the conversion activities of these state

agencies to produce maximum benefits, a cooperative agreement

betv/een the department and the University was entered into

early in 1958. Under this agreement, close liaison and coopera-

tion have been maintained betv/een the University and the depart-

ment. The University's research and development facilities are

located at the Richmond Field station near the Berkeley campus,

and also at the Los Angeles campus. Occasional staff meetings

are held at the Richmond Field station, which representatives of

the department are Invited to attend. Also, occasional meetings

involving the research group at the Los Angeles campus are

attended. The role of the University is to give major attention

to the less well-developed methods, conducting research and

experimentation with small pilot plants where deemed desirable.

The department, through its statutory responsibility for water

resources planning, concerns Itself with applications of saline
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water conversion as a supplement to conventional water develop-

ment projects.

The research program of the University of California

has been under way continuously since 1951. Its purpose Is to

search for methods of demlnerallzlng large volumes of sea water

at a low cost. "Low cost" Is Interpreted as meaning costs com-

petitive vjlth normal water supplies, for which maximum prices

In California are about $125 per acre-foot for municipal uses

and about $40 per acre- foot for irrigation purposes. The

University's program has involved extensive investigative and

experimental work on many different processes, resulting In

valuable contributions to the field of saline v/ater conversion.

Its work through the years has Included analytical studies,

laboratory experimentation, and some pilot plant construction

and operation. Objectives are both the Improvement of existing

methods and the development of new processes.

Among the major projects nov; under way is the testing

of a 28-effect rotating distillation plant, 4 feet in

diameter, which vjas recently constructed at the Richmond Field

station of the University of California. Preliminary tests

have been made using both city water and water from the San

Francisco Bay. Water of high quality (less than 5 ppm) has

been obtained from the tests.

Experimentation is continuing on the vacuum flash

distillation process utilizing low temperature differences.

A pilot plant at the Richmond Field station v/ith a capacity

of 3,000 gallons per day Is being used for this project (see

Figure 8) . Studies are being conducted on the phenomenon of
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fog formation during evaporation and the effect on heat transfer

factors of the presence of air in the steam formed by the

flashing of the warm sea water.

Equipment Is presently being assembled at the Richmond

Field station to test the possibilities of an immiscible fluid

heat transfer cycle. This process would allow a high rate of

heat to be transferred by direct contact from an immiscible

fluid to sea water. This scheme would eliminate the expensive

tubing required in conventional heat exchangers and the atten-

dant problem of scaling of metallic surfaces.

The University of California at Los Angeles has

carried on extensive research with the reverse osmosis process,

and has been successful in developing a membrane which can

filter out potable water a hundred times faster than previous

commercial films. A pressure of 1,500 pounds per square inch

was required in experiments to effectively separate potable

water from the sea water. The University has recently designed

a 500 gallon per day plant which will aid in gathering design

and cost information for the design of a 25^000 gallon per day

plant.

Other phases of research in saline water conversion

carried on by the University of California are mentioned in

other sections of this chapter.

Engineering Study Contracts

Several contracts have been awarded by the Department

of Water Resources to private firms for studies on sea water

conversion. Stanford Research Institute, for example, was
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engaged by the department to make a study on the Impact of

saline vrater conversion on a proposed project (included In the

State V/ater Facilities recently authorized by the California

Legislature) for delivery of water from the northern to the

southern part of the State. The institute's conclusion was

that conversion in the foreseeable future did not offer an

economic alternative water source to the conveyance of natural

fresh water.

A study v;as performed by the Department of Nuclear

Engineering, University of California, financed jointly by the

University and the Department of V/ater Resources, involving the

economic evaluation of two types of nuclear reactors (pressur-

ized and boiling water) as the source of heat for saline water

conversion. The study revealed that the heat costs of these

reactors (of thermal power greater than 400 megawatts) are not

at present competitive with steam from fossil fueled plants.

The costs of steam from the nuclear plants studied were in the

range of $0.5^ to $0.65 per million Btu.

Jacobs Engineering Company has completed a study for

the department on the possibilities of controlling the shape

and size of ice crystals to obtain a higher efficiency from

the freezing conversion process. If large uniform ice crystals

can be grown, the problem of entrained sea water among the

crystals v/ill be less and the economy of separation will be

greater. Jacobs developed a freezing method using carbon

dioxide in the saline system to depress the freezing point and

Induce controlled supersaturatlon, v/hich should result in the
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formation of such crystals. The Idea seems promising and

further work on this approach Is being considered.

Kaiser Engineers, Division of Henry J. Kaiser Company,

completed for the department an engineering survey of v/aste

heat availability for saline water conversion in California.

This survey investigated waste neat given off by industries

and utilities v/ithin five miles of the coast line. This survey

is covered in more detail in Chapter IV under the section on

"utilization of Waste Heat".

The Fluor Corporation has completed an investigation

of a multistage flash evaporation plant using solar heat as

the source of energy. This scheme showed some promise in a

preliminary investigation since the solar heat was re-used in

a number of stages. However, the final report concluded that

it would not be economically feasible to produce water by this

means. This study was initiated by the Department of Water

Resources, but the Office of Saline Water contributed a portion

of the cost.

The Applied Nuclear Engineering Unit in the Department

of Water Resources has made use of material from other technical

specialists in the Department of Water Resources that pertained

to saline water conversion. One such investigation was an

inventory of the principal saline water sources in the State,

and a consideration of the economics of reclaiming such waters

for agriculture or domestic use. Another study carried on by

the department was the gathering of data on winds to determine

whether there was any possibility of harnessing this power for
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application to saline v/ater conversion. No site v;as located

in California sufficiently favorable to Justify an engineering

study of a v/ind power generator.

A great many schemes have been submitted to the

Department of Water Resources by the Interested public, describ-

ing processes for converting sea water to fresh water, or

tapping energy from some unconventional source. Each scheme

has been diligently reviev;ed by the engineers In the department,

and in several cases, the scheme has been referred to the sea

water research group at the University of California for further

study. No proposed scheme yet received has been sufficiently

novel or practical to justify development.

Research and Development Programs by the
Office of Saline V/ater, Department of the Interior

Noteworthy stimulus was givf^n to efforts to investi-

gate means of developing improved deminerallzation techniques

by the establishment, in 19!?2, of a program by the Department

of the Interior to encourage private scientific interest and

activity in desalting of sea water. The Office of Saline V/ater

v;as organized to direct this activity and v/as given limited

funds to support conversion research and development. Three

years later, the authority for the program was enlarged and

provision v/as added for devoting part of the fund to the support

of process research in other nations.

The act creating the Office of Saline Water, Public

Law 448-82nd Congress, 1952, proved to be a powerful scientific

and technical stimulus. One result of its efforts v/as the

reinforcement of technical activity abroad as well as in the
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United States, bringing about a valuable International exchange

of Information on saline water conversion.

The Office of Saline Water, upon its establishment,

undertook an extensive survey of scientific and technical know-

ledge and processes. Included in the survey-1/ were various

physical, chemical, and electrical phenomena adaptable to con-

version, as V7ell as several modifications of the conventional

distillation process, designed to Increase the productivity

and reduce the size and cost of the necessary equipment.

Some 30 potential conversion processes, actual and

potential, v/ere originally delineated in this survey, although

they were ultimately reduced to 16 processes deemed worthy of

further study. These, in turn, were segregated into four basic

process groups: (l) distillation: (2) membrane processes;

(3) freezing; and (4) others. The last group Includes such

techniques and phenomena as chemical, solvent exti'action, and

biological processes.

Some Important research activities carried on by the

Office of Saline Water are outlined in the next section.

Scale and Corrosion

Although there are several different types of distil-

lation equipment and cycles, all are presently subject to the

same general limitations due to the deposition of scale and

corrosion. Scale forming constituents, principally calcium

1/ United States Department of the Interior, "Demineralization
of Saline Waters'. A compendium of existing and potential
separation processes, phenomena, and energy sources with
discussion and literature references, October 1952.
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carbonate, calcium sulphate, and magnesium hydroxide are pre-

cipitated out of solution as evaporator temperatures rise above

about 160° F. The scale fouls heat transfer surfaces and

Impedes fluid circulation. In addition, brines become more

corrosive, necessitating use of expensive alloys as temperatures

approach or exceed the normal boiling point of v/ater (212° P.

at sea level). Battelle Memorial Institute is making a survey

of materials of construction suitable for use in conversion

plants.

A series of research and development studies has been

in progress by the Office of Saline Water in the fields of

heat transfer, scale prevention, and cost reduction for corrosion

resistant materials. Some of these studies are co-sponsored

by other government agencies while additional Investigations

are being conducted by independent manufacturers in the United

States and elsewhere, and by agencies of other foreign govern-

ments, such as the British Admiralty.

Formation of scale deposits in evaporating equipment

is a serious problem in practically all distillation processes,

and under certain conditions it is also a problem in electro-

dialysis. A fundamental investigation of the basic factors

affecting scale deposition is being conducted at the University

of Michigan Research Institute under contract to the Office of

Saline V7ater.

Long-Tube Vertical Distillation

A distillation process, seemingly attractive econom-

ically and using long-tube vertical evaporators of the kind
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employed in the pulp Industry, was proposed by Dr. W. L. Badger.

In this technique, sea x^ater is passed through a series of

evaporators under reduced pressure and temperature, utilizing

heat either applied directly from a steam generator or recovered

from the exhaust of a steam turbine in connection with electric

power generators. A pilot plant has been erected at V/rightsville

Beach in North Carolina and tests have been made on scale

prevention, metal corrosion, and heat transfer rates, all of

v;hich have an important influence on the performance of a dis-

tillation plant.

Rotating Still

Improved evaporators, in which greatly increased

rates of heat transfer are achieved, give promise of reducing

capital as well as operating costs. In one such development,

the heat transfer coefficient is greatly increased over that

obtained v/ith conventional equipment. 'In this process, invented

by Dr. Kenneth C. D. Hickman of Rochester, New York, the heat

transfer area is in the shape of conical surfaces and is rotated,

thereby causing the feed v;ater to spread over the surfaces in

thin films, under the action of centrifugal force. Several

experimental models have been constructed ranging in size from

household sizes (300 gallons per day) to much larger units

(25,000 gallons per day). These are being tested on brackish,

as well as on sea waters.

Dropv/ise Condensation Heat Transfer

Another heat transfer system is under development

by Drs, B. F. Dodge and A. M. Eshaya of New Haven, Connecticut.
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Tests were run on laboratory equipment at Yale University which

demonstrated that high heat transfer coefficients could be

maintained in a system utilizing forced circulation and dropwise

condensation (condensation in the form of droplets on the con-

densing surface) in vapor compression distillation processes.

Similar and complementary research was conducted by the British

Admiralty under the European Cooperation Program. Several

private organizations in the United States and Europe are

experimenting with dropwise promoters for various types of

heat exchanger surfaces.

Low Temperature Difference Flash Distillation

For locations where waste heat is available or where

ocean temperature differences are sufficient to Induce flash

evaporation, this process may prove to be feasible. This

problem was recently studied by Griscom-RusseU Company,

Massilon, Ohio, for the Office of Saline V/ater, using the

energy of a stream of warm waste water from the power station

of an Industrial plant, or warm water from natural sources.

Estimates indicate that, with a temperature difference of 30° F.

betv;een the warm and cold water, plants of 100,000 and 10,000,000

gallons per day output capacity would produce fresh water from

sea water at overall costs of $1.75 and $1.20 per 1,000 gallons,

respectively.

Solar Still

Research on solar stills, with the objective of

reducing cost of equipment and increasing efficiency is being

carried out by the Office of Saline Water and other associated
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groups, such as the University of California and the University

of Florida. Both glass and plastic membranes have found appli-

cation as transparent covers for solar stills, and equipment

costs are being reduced.

The Office of Saline Water has initiated a comprehen-

sive development program on solar stills through contract with

Battelle Memorial Institute of Columbus, Ohio. Prototypes of

various existing and Improved designs have been installed and

are being tested at a seashore test station near Port Orange,

Florida.

The Office of Saline Water expects that the Solar

Distillation Center, in Florida, will produce engineering designs

and specifications for practical future solar distillation

plants.

Membrane Research for Electrodlalysls and Osmosis

Conversion processes utilizing membranes have been

developed during the past few years to the point where several

are known to be technically feasible. One process, electro-

dialysis, also appears to be economically feasible for the

treatment of brackish water under certain conditions.

Specifically, the membrane processes showing promise

are (l) electrodlalysls, where an electromotive force is

applied to a cell consisting of ion selective membranes,

(2) "osmlonlc", where the concentration gradient between the

solution supplies the potential to drive ions through ion

selective membranes, and (3) reverse osmosis, where sufficient

pressure is applied to the solution to force water through an

ion restraining membrane into the fresh water side.
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One of the limiting factors in the use of these

processes has been the membranes themselves. During the past

few years, considerable research has been conducted by the

Office of Saline Water and by organizations In several countries

aimed at Improving the characteristics of those membranes. As

a result, greatly improved ion selective membranes have been

developed. Such membranes are now available commercially at

a cost per unit area of approximately one- fifth the former cost.

One of the leading American firms engaged In develop-

ment and manufacture of electrodialysls equipment is Ionics, Inc.

This firm, following extensive laboratory development, built a

saline water conversion pilot plant mounted In a trailer truck,

and operated it for an extended period In Arizona and South

Dakota, using two naturally occurring saline waters with

salinities of 4,000 parts per million and 2,000 parts per million,

respectively.

The Office of Saline Water is conducting membrane

evaluation and improved cell development at the laboratories

of the Bureau of Reclamation in Denver, Colorado. Membranes

prepared by foreign as well as by American manufacturers are

under test.

The second membrane process named above is termed

"osmlonic", a word coined to include both the osmotic and ionic

forces involved in the process. This is one of the new processes

developed under the Office of Saline Water program and is some-

what similar to electrodialysls, except that it requires no

outside source of electrical power and no electrodes. The

activating force is obtained from the difference in concentration
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between a brine and the water to be demineralized. The power

supply, therefore, might be obtained from salt deposits,

brine wells, or by ponding saline water and allowing the sun

to concentrate the water.

Reverse osmosis involves the passage of water through

a membrane from a concentrated solution to a more dilute one.

If enough pressure is applied to the more concentrated solution

(more than 370 pounds per square inch pressure for sea water),

the osmotic flow can be reversed and pure water will be forced

through the membrane. This technique is known as reverse

osmosis. Results of research sponsored by the Office of Saline

Water have demonstrated that around 97 percent of the salts of

sea water can be removed in one pass through a membrane, such

as cellulose acetate, at a slow rate of flov;. Investigation

aimed at increasing the durability and flow rate of membranes

is continuing.

Freezing Process

A promising approach to the utilization of freezing

as a means of saline water conversion and elimination of the

brine from the crystals is a combination of freezing and

evaporation being investigated by the Carrier Corporation,

Syracuse, New York, for the Office of Saline VJater. Experi-

mental apparatus and washing techniques have been developed

so that it is now possible to continuously produce practically

salt-free ice from sea water. In this process chilled saline

water is admitted to a chamber under high vacuum. At this

low pressure, about one-seventh of the v/ater flashes to vapor,
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further chilling the remainder, which freezes to an Ice-brlne

slurry. The slurry then flows through a separation column for

counter- current washing. The vapor formed In the freezing

operation Is compressed and condenses on the Ice. The melted

Ice becomes the fresh v/ater product. Part of the product Is

In turn used for washing the Ice.

The experimental program on this process utilizing

a small shop-size pilot plant, has not appeared to disclose

any technical problems that would render the process Imprac-

tical . Operation of the equipment Is continuing and a larger

pilot plant of about 15,000 gallons per day of fresh water

has been constructed and Is being tested.

In another approach to the use of freezing for

demlnerailzing saline water an Immiscible refrigerant, such

as Isobutane, Is vaporized In direct contact with the saline

solution. The development of this principle Is being studied

at Cornell University, Ithaca, New York, for the Office of

Saline Water. A pilot plant Is being constructed at St. Peters-

burg, Florida, by Blaw Knox Company as a continuation of this

program. Because most equipment necessary for this process

could be of comparatively simple design, it may be adaptable

to large-scale installations.

Ion Exchange

The phenomenon of ion exchange v/as first investigated

about 1850, but it is only within the past 20 years that this

principle has been extensively developed commercially for

treating water of low salinity and for removal of hardness.
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Salt ions can be removed from saline water by passing the

water through a bed of ion exchange material. The exchange

material soon becomes saturated and must be regenerated by use

of relatively expensive acids and bases. Among efforts directed

toward reduction of regeneration costs was some experimentation

at the University of California in which ammonium bicarbonate

was used as a regenerant. When saline water is passed through

such a bed, it is demineralized and the effluent consists of

water containing only ammonium bicarbonate. Heating the solution

removes the chemical as carbon dioxide and ammonia gases which

are collected and used again to regenerate the exchange resins

in the bed. Thus, the costly chemicals used for regeneration

are replaced by the action of heat. However, the amount of heat

required to operate this process approaches that required for

a distillation process. The process, though technically

feasible, is too expensive to be practical, and research is now

being directed toward partially softening sea water by deminer-

alization as a pretreatment for the feed water to a distillation

plant

.

Organic Solvent

The extraction of water from saline solution by an

organic solvent, to be recovered later from the extracted mix-

ture of water and solvent, by temperature change, has been found

sufficiently promising for further, research. The process is

under development by Texas Agricultural and Mechanical Research

Foundation, College Station, Texas, for the Office of Saline

Water. Satisfactory laboratory equipment has indicated the

desirability of the initiation of pilot plant development.
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Application to Nuclear Energy

Due to the high cost of nuclear energy. It was

originally felt that this energy source would probably not

play an early role in saline water conversion. However, in

1957, the Office of Saline Water sponsored a study by the Fluor

Corporation of Whittier, California, of the possible use of

low temperature nuclear heat in a distillation conversion

process. The results viere encouraging and the Office of Saline

Water, in cooperation with the State of California, thereupon

engaged the Pluor Corporation to make a design study of a

50 million-gallon-per-day multistage flash distillation plant

with steam supplied by a nuclear reactor. The reactor selected

was a pressurized water type of 370 thermal megawatt capacity.

With an assumed 25-year plant life and 3^5 operating days per

year, the estimated water cost was $0.42 per thousand gallons.

Demonstration Sea Water Conversion Plants

The passage of Public Law 85-883, by the 85th Congress,

on September 2, 1958, authorized the construction of five

demonstration conversion plants, three for sea water and two

for brackish water, to be placed at various advantageous

locations throughout the country. The objective of this pro-

gram was the advancement of the techniques of saline water

conversion by the construction of a number of demonstration

plants, of several types, in order to determine the engineering

and economic potential of the selected demineralization proc-

esses. The demonstration program contains an authorization

of $10,000,000 for the purpose of constructing the five plants.
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Long-Tube Vertical Distillation Plant—Texas

The Initial Installation to be built under Public

Law 85-883 will produce 1,000,000 gallons per day of fresh

water and will be built at Preeport, Texas. The plant will

be a 12-effect long-tube vertical distillation type, similar

to those used in the pulp Industry for concentration of spent

sulfite liquor. The construction contract for $1,246,250 was

awarded to Chicago Bridge and Iron Company in June 1960.

Ground-breaking ceremonies were held in September 196O. The

contract calls for construction and start-up operations to be

completed within 330 days.

Multistage Flash Evaporation Plant— California

The second demonstration plant to be built under the

program is a multistage flash evaporation type of 1,000,000

gallons per day capacity. The construction contract for this

plant, in the amount of $1,608,000, was awarded to Westinghouse

Electric Corporation in November 196O. The California Department

of Water Resources assisted in the site selection for the plant

and conducted a detailed survey of 18 proposed coastal locations

from San Francisco to San Diego. The principal criteria used

in evaluating the various sites reflected technical and economic

requirements associated with both the type of plant and the

impact on the locality. The evaluation data and recommendations

were forwarded to the Director, Office of Saline Water, who

made the final choice with the assistance of a three-man site

selection board. The announcement of selection of the Point

Loma site in San Diego was made by Secretary of the Interior

Seaton on October 6, 1959.
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The Fluor Corporation of Los Angeles was awarded a

contract by the Office of Saline Water for the final design

and specification of the distillation plant. This design was

based on a preliminary design study performed by the same

firm, the cost of which was shared by the Federal Government

and the State of California. The State will also share

equally with the Federal Government in the cost of the final

design and construction.

The State's collaboration in the demonstration plant

program will provide useful knowledge for the design, con-

struction, and operation of this type of sea water distillation

plant. The California Department of Water Resources will like-

wise maintain active liaison with the technical programs of

the demonstration plants located in other states.

Electrodialysis Plant—South Dakota

The third demonstration plant to be constructed under

Public Law 85-883 is to be of the electrodialysis type and will

be used to convert brackish to fresh water. It will be located

at Webster, South Dakota, and will have a fresh water capacity

of 250,000 gallons per day. A contract for design. and con-

struction of this plant, in the amount of $482,200, was awarded

to Asahi Chemical Industries Company of Japan in cooperation

with the Austin Company of Cleveland Ohio, in November 196O.

Vapor Compression Distillation Plant—New Mexico

The fourth demonstration plant to be constructed

under Public Law 85-883 is to employ the forced- circulation
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vapor compression distillation process, and will convert

brackish water to fresh water at a rate of 250,000 to 1,000,000

gallons per day. The plant is to be located at Roswell,

New Mexico.

Freezing Process Plant—North Carolina

The fifth process to be used in the demonstration

plant program will use the freezing method. The type of

freezing process has not been announced (December I960), but the

location of the plant is Wrightsville Beach, North Carolina.

Cost Estimates for Sea Water Conversion

Unfortunately, although the aggregate capacity of

conversion plants throughout the world amounts to many million

gallons per day, very little Information is available on water

costs based on actual plant operation. ^The fact that most of

the large distillation plants are located overseas adds to the

difficulty of securing cost data and even those obtained cannot

be readily applied to United States conditions because of

differences in labor, material, and fuel costs. Therefore, at

the present time we are largely dependent upon engineering

estimates for conversion costs and it must be recognized that

these can never be as reliable as costs established by several

years of operation of full-size plants. One valuable result of

the federal conversion plant program villi be the determination

of accurate costs of production of medium-size plants under

United States conditions.
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In order that all pertinent physical factors would

be given consideration, and to secure uniformity in estimating

plant capital, energy, and maintenance and operation costs,

the Office of Saline Water, in March 1956, issued a bulletin,

entitled "A Standardized Procedure for Estimating Costs of

Saline Water Conversion". Typical factors in the standardized

cost computation procedure include the following:

Item Factor

Land $3 per 1,000 gallons of daily
plant capacity

Electrical energy 5 to 7 mills per kilowatt-hour
(depending on power demand)

Fuel 25^ per million Btu

Steam 55$^ per 1,000 pounds

Plant life (general) 20 years at 4^ interest

Amortization rate 7.^% per annum (capital
recovery)

Product water shortage Provide for storage of 10 days
production

Most investigators and manufacturers have made a conscientious

effort to conform to the above criteria in the preparation of

estimates of costs for saline water conversion processes.

Estimated Present Costs of Converted Saline Water

A comparison of total water costs, based both on

estimates and on operation of existing sea water and brackish

water conversion facilities is given in Table 10. These costs

vary from $0.63 to $3.00 per thousand gallons ($205 to $977

per acre-foot)

.
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TABLE 10

Process

COSTS OF CONVERTED WATER BASED ON
THE OPERATION OF EXISTING PLANTS

I I Plant -.Type of: Cost of
: Plant : capacity, in : water : v/ater per
: location ;gallons per day: treated :1, OOP gallons

Multiple-effect
Distillation Aruba

Multistage flash
Distillation Kuwait

Vapor Compression
Distillation

Multiple-effect Morro Bay,
Distillation California

Electrodialysis Coalinga,
California

2,700,000 Sea 1.7

2,400,000 Sea 0.63 to 1.87-^

100,000 Sea I.85 to S.OO^/

150,000 Sea. 2.50-^

Brack- /
28,000 ish 1A5^

(2,000
ppm).

1/ Sonderman, G. E., Consulting Engineer, February 1958. This is
a combination water and power plant. Cost of water is somewhat
less if allowance is made for the sale of power.

2/ Hearings before the Subcommittee on Irrigation and Reclamation
of the Committee on Interior and Insular Affairs, United States
Senate, 85th Congress, second session on S. J. Resolution 135
and S. 3370, March 20 and 21, 1958, p. 133.

3/ Union Calendar No. IO69, House Report No. 2551. 85th Congress,
second session. Saline V/ater Program, thirty-first report by the
committee on Government operations, August 13, 1958:. p. 20.
(Plant location not given)

4/ Bruce, A. W., "Five Year Experience Making Fresh Water from
Sea Water at Morro Bay Power Plant, Colloquium on Desalting
Water Held at California Institute of Technology", May 5 and
6, i960.

5/ "city Orders Saline Water Plant", Engineering News-Record,
June 5, 1958.

The plant at Aruba, Netherlands West Indies, is a

good example of a modern sea water conversion plant of the

multiple-effect type, for which some operating experience has

been gained. The Aruba plant is designed to produce 2.7 million

gallons of distilled water daily. In addition, it can generate
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12,500 kilowatts of electrical energy from 15,000 kilowatts

installed capacity. The capital cost of this plant is estimated

to be $10.6 million. The capital cost per daily gallon of

installed water capacity at Aruba is, therefore, approximately

$4. Hov;ever, the electrical generating equipment represents a

substantial part of the total investment and if it v;ere not

required, $3 to $3.50 per daily gallon of water capacity would

be a reasonable estimate of the capital investment for the

water and steam plants alone. As is shown in Table 10, the

resulting total water cost is estimated to be $1.75 per 1,000

gallons or $570 per acre-foot without allowance for the sale of

power. If power were sold at normal wholesale rates and profits

applied to the cost of xvater, the water cost might drop to about

$1.25 per thousand gallons^/.

At the request of the Department of Water Resources,

several manufacturers of distillation-type sea water conversion

plants were requested to submit estimates of total water costs

involved in the use of their equipment. The returns from this

survey are shown in Table 11. Estimates varied from $0.60 to

$1.15 per 1,000 gallons or from about $196 to $375 per acre-foot.

The fresh water plant capacities range from 100,000 to 10,000,000

gallons per day, the unit costs being least for the largest

plant.

2/ Sonderman, G. E., "Sea V/ater Distillation With By-Product
Power at Aruba", presented at semi-annual convention of
ASME, June 1959-
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Estimates of costs prepared by the Office of Saline

V/ater for the authorized demonstration plant program are

presented In Table 12. It Is hoped that these costs may be

reduced when the demonstration plants become operational and

actual cost figures will be available.

Table 13 shows how the cost of product v/ater Increases

as the salinity Increases for the electrodlalysls process. The

number of applications of this process to areas of brackish

water in California may v/ell increase as this process is

refined and normal water costs continue to rise.

Predicted Future Cost of Converted Saline Water

Information on costs and performance of operating

plants is meager, as discussed above. However, based upon the

few available cost data on existing plants together with

various engineering studies performed it' is estimated that a

plant of reasonable s3ze, say 10,000,000 gallons per day

capacity, could be built today to produce water for about

$0.75 per thousand gallons. With future improvements in equip-

ment and with lower cost energy sources that may develop, such

as nuclear, costs of converted water in the foreseeable future

may approach $0.50 per thousand gallons.

Rapid advances are being made in the development of

reliable and efficient membranes for the electrodlalysls

technique of treating brackish water, and it is reasonable to

expect conversion costs in the future to be considerably

reduced from those obtained at the present time. One authority

predicts that brackish v/ater having a dissolved solids content
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of 4,000 parts per million and 2,000 parts per million will

be $0.50 and $0.30 per thousand gallons, respectively^/.

No indication exists of a "breakthrough" to greatly

reduced conversion costs by any process knov/n today. It may

be that some technique entirely unsuspected at the present

time may offer the key to really cheap converted saline water.

Summary

During the past decade the means of producing, from

sea and brackish sources, water potable to man and usable for

agricultural and industrial purposes, has been under intensive

investigation in the United States and abroad. Plants to

accomplish such demineralization now aggregate, vrorldwide,

a daily capacity of about 24,000,000 igallons of fresh water

(see Table l)

.

Processes for the conversion of sea water are at the

present time largely limited to distillation techniques, such

as multistage flash, vapor compression, or multiple-effect

submerged coil, all of which produce water at costs several

times those associated with normal development of natural

water resources. Adding to the normal costs, most distillation

plants are plagued with problems of scale formation on heating

surfaces exposed to saline water. To this factor alone, 10 to

20 percent of optimum production is lost in many installations.

This scaling problem is receiving wide and extensive study by

many interested agencies.

1/ Gillam, ¥. Sherman, "The Cost of Converted Water Meeting of
American Institute of Mining, Metallurgical and Petroelum
Engineers, Inc., New York, February 196O".
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The cost of producing potable water from the sea for

large plants (10,000,000 to 100,000,000 gallons per day) such

as might be utilized at a coastal area of California as of

i960. Is not accurately kno^^m, due to the very limited

worldv/ide experience with such plants and the fact that none

have been built in the United States. It is conservatively

estimated, however, that a large distillation conversion plant,

constructed at the present time, could produce potable water

from sea water at a total cost of about $0.75 pei* thousand

gallons; X'/ithin 10 years, the cost could perhaps decline to

about $0.50 per thousand gallons. Lower estimates have been made,

but until more experience has been gained with moderate-size

plants it is desirable to be reasonably conservative in cost

predictions

.

Feasible processes for reduction of mineral content

of brackish water are today limited in number. At the present

time, electrodlalysls is the only process that has found

widespread application for the conversion of brackish v/ater.

It is probable that, to produce water with only 300 parts per

million of total dissolved solids, costs by the electrodlalysls

process will range from about $0.30 per thousand gallons for

2,000 parts per million source water to about $0.50 per thousand

gallons for 4,000 parts per million source v;ater in the

reasonable future. Demlneralized water, v/hen used to blend

with moderately brackish water in order to improve its quality,

may find useful and widespread application. This is a study

vrorthy of more attention.
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The federal demonstration plant at Point Loma, San

Diego, California, should provide a useful fund of knowledge

concerning the design, construction, and operation of a modern

distillation plant. It is not expected that the Point Loma

facility will produce converted sea water at costs competitive

with fresh water resources developed and made available in

San Diego by conventional methods.

Further research efforts in lesser known demineral-

ization methods, such as ion exchange, freezing, hydrate,

reverse osmosis, and other more esoteric techniques will

undoubtedly contribute valuable data pertaining to future

water demineralization.

It appears reasonable to assume that a breakthrough

to lower total saline conversion costs, if it occurs, v/ill be the

result of a vigorous and continuous program of research and

development. Such Improvement may well involve a process not

yet known or envisioned. This will be best accomplished by

mutual awareness of the problems to be solved by scientists

and engineers and villi require their close and continuous

coordinated efforts.
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CHAPTER III. NUCLEAR ENERGY

Introduction and History

The harnessing of the world's natural resources Into

useful tools for technical and economic development has been

one of history's most significant challenges, outweighed only

by man's attempt to live with his fellow human beings. Nuclear

energy and its translation Into a useful tool is only one

facet of this continuous challenge, but the potential of this

resource appears so large that many leaders of science and

government predict from it a new era of world prosperity and

technical development.

The development of nuclear energy has progressed at

a rapid rate, primarily through the Impetus of World War II

and the Intense worldwide scientific competition following

this war. Perhaps no Industry heretofore known has experienced

as rapid a growth as that involving the application of nuclear

energy to the betterment of mankind. In the United States

alone, this growth has been represented by an increase in

employment from a handful of research and laboratory workers in

1940 to a level, in I96O, of well over 100,000 people. As one

author has proposed, the economic impact of nuclear energy is

probably surmounted only by the Industrial revolution.

In spite of this unprecedented advancement, the

science of the atom is as old as science itself. In fact,

early atomic ideas can be traced as far back as Democritus and

the ancient Greeks. While the secret of the atom took nearly
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2,500 years to completely unfold, the early formation of such

fundamental atomic concepts as those proposed by Dalton, Boyle,

Avogadro, Mendeleev, Boltzman, Planck, and others, must be

recognized.

The complete opening of the field of atomic nuclei

study, now called nuclear physics, occurred in the late nine-

teenth century with work performed by Hertz and Maxwell on

electromagnetic radiation, by Roentgen on x-rays, and Becquerel

on the natural radioactivity of uranium minerals. Soon after

these discoveries, man's conception of the atom took a giant

step forward with Bohr's attempt to combine Newton's mechanics

with Planck's quantum theory and to arrive at the solar system

atom model. This model was later followed by a more sophisti-

cated version through the work of Heisenberg, Schrodinger,

Pauli, and others.

In 1905:. Albert Einstein introduced his now famous

"theory of relativity", a theory which forms the very basis of

nuclear energy. With the advent of this concept, interest in

nuclear physics reached a new high. Positive identification of

atomic structure and the components of the atom was made and a

wide variety of new concepts was formulated. Intense laboratory

experiments were initiated to further study the atom model.

At first, extreme difficulties viere encountered, since

tools of the same size as the atom Itself were necessary for

accurate study. As one scientist phrased the problem, "You

can't study the anatomy of a fly with an elephant's foot."

The solution to this problem centered on the so-called

particle accelerators, of which one of the most successful was
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the cyclotron built by Lawrence and his co-workers at Berkeley,

California, in 1931. As a result of these experiments, and

others, the uranium- fission reaction was defined and the

corresponding energy release was observed. On December 2, 19^2,

the first sustained nuclear fission chain reaction was achieved

under the direction of Enrico Fermi at the University of

Chicago. This reaction was created in a graphite uranium

"pile", which later served as a pilot for future piles (later

called reactors) built at Oak Ridge, Tennessee, and Hanford,

Washington. The modern era of nuclear energy, or more popularly

called atomic energy, had commenced.

It is necessary to recall only a few of the more

recent events of this era to demonstrate nuclear energy's rapid

advancement. There was the explosion of the first nuclear

test device at Alamogordo, New Mexico, in 19^5 ^ the explosion

of the first nuclear bomb over Hiroshima, Japan, in 19^5; and

the testing of thermo-nuclear devices in the South Pacific in

the early fifties. There was the launching of the first

atomic submarine, the Nautilus, in 195^; the start-up, in 1957^

of the first full-size United States civilian power reactor at

Shippingport, Pennsylvania; and more recently, the launching

of the first nuclear-powered merchant ship, the Savannah.

There was also a host of developments in the use of by-product

radioactive isotopes in such diverse fields as medical research,

materials testing, agriculture, and water supply. While these

are only a few of the many milestones which have occurred

during the last two decades, their significance is obvious and

their effects may be felt for centuries.
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In spite of the public's awareness of these many

advances and in spite of our leaders' optimistic predictions

of the worldwide benefits to be obtained from nuclear energy,

one might still question the need for development of this

resource and more specifically its potential applications to

the California Water Plan. Even by recognizing that practi-

cally all advances in any technical field result from man's

attempts to resolve the unknown, and that nuclear energy has

further been exploited through its military implications and

cold war psychological advantages, the question of benefits

to mankind still arises. The answer to this question exists

in recent attempts to take inventory of the world's fossil

fuel energy resources. While these attempts have led to much

conjecture, it has been estimated that the total fossil fuel

energy reserves in the vrorld that can be recovered at costs no

higher than twice 195O costs amount to about 270^/ (IQ = 10^^

Btu, equivalent to 40 billion tons of coal). Similarly it has

been estimated that man's present use of energy amounts to

approximately O.IQ per year. Thus, with no increase in the rate

of consumption the vrorld 's fossil energy reserves would be

sufficient for about 270 years.

However, the world's population is increasing rapidly,

and with this increase the standard of living is progressing

at an accelerated rate. Consequently, any attempt to extrapolate

today's rate of energy consumption into the distant future

must allow for a continuing annual increase. A logical approach

was presented in a paper by Professor E. S. Mason, of Harvard

1/" Energy in the Future", by Palmer Cosslett Putnam
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University, at the 1955 Geneva Conference on Peaceful Uses of

Nuclear Energy. In this paper Mason suggests that an annual

rate of increase in world energy consumption of three to four

percent per year is probable, a rate which results in the

doubling of energy consumption by about the year 198O, and a

threefold to fivefold Increase by the year 2000. By assuming

that this rate of increase is representative, the world's

fossil fuel energy resources will be depleted in about 100

years

.

While the present analysis does not necessarily fore-

cast a worldwide shortage of energy reserves, and while it is

true that new reserves v;ill be discovered and new processes

invented to economically mine less attractive fossil energy

resources, the picture is clear that the addition of a new

energy resource is a necessicy to man's continued progress.

When applied to specific countries this necessity becomes even

more evident, considering that many of these countries import

their fossil fuels from vast distances. This condition is

particularly true in the Western Eurpoean countries whose com-

plete industrial economy depends heavily upon these imports.

The situation was ably emphasized in February 1955

in the so-called British "White Paper", entitled "A Programme

of Nuclear Power", presented to the British Parliament by the

Lord President of the Council and the Minister of Fuel and

Power. This paper concluded that:

"Our civilization is based on po\-rev; improved
living standards, both in advanced industrial countries

like our own and in the vast underdeveloped countries
overseas, can only come about through the increased
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use of po\ver. The rate of Increase required is so
great that it will tax the existing resources of energy
to the utmost. Whatever the immediate uncertainties,
nuclear energy will in time be capable of producing
power economically. Moreover;, it provides a source
of energy potentially much greater than exists now.
The coming of nuclear power marks the beginning of
a new era."

To illustrate how nuclear energy may assist those

countries such as Great Britain in their continued economic

growth, several comparisons may be made. Of primary signifi-

cance is the fact that many of those countries lacking mineral

fuel resources have a large abundance of nuclear fuel resources

.

Obviously the development of economic nuclear power would assist

considerably in the growth of these countries. But even those

countries with. neither nuclear nor mineral fuel resources may

gain a considerable advantage from the development of nuclear

power, since the useful energy content per unit v/eight of

nuclear fuels is practically a million times that of coal. The

economic advantage in transporting nuclear fuels rather than

fossil fuels v/ould be considerable.

But perhaps the most significant advantage rests in

the availability of future nuclear energy reserves. While no

firm estimates of this availability exist, the known reserves

of uranium ore amount to a two or three hundred years' energy

supply; those of thorium ore appear even larger; and the

supplies of deuterium or "heavy hydrogen", the isotope forming

the basis of the fusion reaction, are almost unlimited.

V/hile the above arguments illustrate the potential

advantages to the world of developing a new energy resource,

they are not necessarily pertinent to the California Water Plan.
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However, California's fossil fuel resources are dwindling

rapidly and a large part of Its requirements are met through

Importations. It is likely that fossil fuel prices V7lll

continue to rise though the costs are already high enough to

make the advantages of a cheaper energy source readily

apparent

.

Today, nuclear energy cannot compete in California

with fossil fuel energy, but many authorities foresee the day

(perhaps as early as the 1970 's) when nuclear energy v/ill offer

definite economic advantages to every section of the State.

In view of the huge pumping power requirements of the

California Aqueduct, it is prudent that a close watch be kept

upon developments in the nuclear field, in hopes that it will

offer specific cost advantages in the proposed State Water

Resources Development System, and also to aid us in being

prepared to take advantage of these favorable costs when and if

they should occur.

However, not only may nuclear energy be of primary

Importance for pumping in the State Water Resources Development

System, but it may gain increasing Importance as an energy

source for saline water demineralization. As was indicated in

Chapter II, while no known sea water conversion process is

presently competitive with the large-scale development and

conveyance of natural fresh water resources in the State, it

is probable that sea v/ater conversion will gain increased use

in many arid regions of the world. The definite process tech-

niques through v/hich this increased utility may occur are not
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definable, but whatever their nature the energy requirements

will be considerable. As such, nuclear energy may be a signifi-

cant contributor to these requirements, not only because of its

previously mentioned advantages, but because of the fact that

a nuclear heat energy system has certain economic advantages

when applied to a distillation process, the most widely used

conversion technique employed today.

Fundamentals of Nuclear Energy

While this bulletin is not Intended to be a theoreti-

cal explanation of the field of nuclear energy, the under-

standing of certain fundamental nuclear concepts and terminology

is necessary for complete comprehension of material presented

elsewhere in the report. This section will attempt to present

these concepts.

The Atom

The basic constituent of all matter is the atom;

hence, the terminology of atomic physics, atom bomb, atomic

power, etc. However, the atom itself is composed of several

subatomic particles, the arrangement and quantity of which

determine the basic physical and chemical properties of the

specific atom.

The primary subatomic particles Involved in atomic

structure are the electron, proton, and neutron. The arrange-

ment of these particles is often represented by the solar

system atom model, in which particles of small mass rotate in

orbits at a relatively large distance and velocity about a

central particle or concentrated group of particles of large

mass as shown in Figure l6.
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The outer particles of this model are electrons,

while the central mass, called the nucleus. Is composed of

protons and neutrons. Electrons carry a negative electric

charge, protons carry a positive charge, and neutrons, as their

name Implies, are neutral. Consequently, there must be an

orbital electron for each proton in the nucleus for an atom to

be electrically neutral and therefore stable. An atom con-

taining a specific number of electrons and thus protons, is

called an element.

The quantity and arrangement of electrons in the

outer orbits determine the chemical properties of the atom.

Since nuclear reactions are not chemical in nature, this arrange-

ment will not be discussed here. The structure of the inner

part of the atom, the nucleus, determines most of the atom's

physical properties.

To classify the various arrangements and quantities

of subatomic particles, two number systems have been formulated,

that of atomic number and of mass number.

The atomic number (z) of an atom is equivalent to

the number of protons contained in the atom's nucleus. To

Illustrate, the element of atomic number 1, hydrogen, contains

one proton in the nucleus, while that of atomic number 92,

uranium, contains 92 protons in the nucleus. Recalling that

for each proton In the nucleus there exists an orbital electron,

and the number of orbital electrons determines the chemical

properties of an element, it can be realized that the atomic

number indirectly signifies an atom's chemical properties.
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The mass number (A) of an atom is equivalent to the

number of protons and neutrons contained In the atom's nucleus.

Thus, an atom with a mass number of 5 contains a total of five

protons and neutrons, and one of a mass number 235^ contains a

total of 235 protons and neutrons. By knowing the atomic

number (Z) and mass number (A) of an atom, it is easy to deter-

mine the number of neutrons (N) in the atom's nucleus since

N = A - Z.

Isotopes

It is interesting to note that by definition of an

element, any change in the number of protons in the nucleus

would mean the creation of a different element. For instance,

if we added one proton to the nucleus of an atom of uranium,

atomic number 92, we would have an atom of atomic number 93

called neptunium. On the other hand, if we added three neutrons

to an atom of uranium, of mass number 235^ we would still have

an atom of uranium, but with mass number 238. The atoms of an

element having different mass numbers are called isotopes, and

these Isotopes are usually expressed by abbreviations similar

to U-235 (a uranium atom with a mass number of 235) ^ or U-238

(a uranium atom with a mass number of 238).

It is possible to have many different isotopes of a

given element. Certain Isotopes are stable while others can

exist only for very short periods of time. The reason for

this is that the combinations of forces within the atom's

nucleus allows only certain proton-neutron combinations. Any

attempt to alter these combinations by adding neutrons places

the nucleus in an excited and unstable state. Once this
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excited state Is reached, the atom may exhibit any one of

several physical properties. The usual event is for the atom

to emit some sort of atomic radiation in the form of alpha,

beta, or gamma rays. These radiations are a result of the

decomposition of one or more of the nucleus particles. In

the course of this decomposition, the atom will usually become

a more stable isotope of the same element or of a different

element. The length of time for this decomposition to occur

is expressed in terms of half-lives, which is the time required

for half of a given mass of an element to decay into a

secondary isotope. Half-lives vary from a few millionths of a

second to millions of years.

Because atomic radiations can be measured with approp-

riate instruments, the use of radioactive isotopes has gained

increasing prominence in a wide variety of scientific fields.

Indication of actual and possible uses of isotopes by the

Department of Water Resources is presented in the section

entitled "isotope Applications".

Fission

A second possibility of the excited nucleus is its

disintegration into many subatomic particles and secondary

isotopes of varying mass and atomic number. This event is

termed "fission". Of nearly 250 naturally occurring isotopes

found in the earth's surface, only one, uranium- 235^ will

undergo fission. However, the isotopes thorium- 232 and

uranium-238, both of which are found in abundance, may absorb

neutrons to become the radioactive isotopes, thorium-233 and
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uranium- 239. These Isotopes in turn will decay Into the

fissionable species, uranium- 233 and plutonlum-239.

In the course of fission some of the mass of the

original atom is converted into energy in accordance vilth

Einstein's famous mass-energy equation, E = mc^, v/hlch states

that mass can be transformed into energy. In addition,

neutrons are emitted, thus enabling the fission to progress

into a chain reaction. For Instance, In the fission of

uranium-235 between two and three neutrons on the average are

emitted, thereby making possible two to three second generation

fissions for each original fission. This is exactly what

happens in an atomic fission bomb, a rapidly diverging fission-

chain reaction occurring almost Instantaneously with a corres-

ponding large release of energy as illustrated In Figure 17.

Fusion

One phenomenon of nuclear energy is fission; but

atomic theory shows us that there is another source of nuclear

energy called fusion. Fusion is the combination of atoms of

one element into stable Isotopes of another element.

To illustrate, hydrogen, atomic number 1, is lonown

to have three isotopes of mass numbers 1, 2, and 3. The iso-

tope with mass number 2 is called deuterium or "heavy hydrogen",

and is found in practically every source of v/ater. It contains

one proton and one neutron in its nucleus . The isotope with

mass number 3^ containing one proton and two neutrons, is

called tritium. Helium, atomic number 2, has a mass number of

4, thus having two protons and two neutrons in its nucleus.
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Theoretically, it should be possible to fuse two atoms of

deuterium into one atom of helium. If this could be done, a

large energy release would occur because the mass of one

helium atom is somewhat less than that of two deuterium atoms.

Other fusion reactions involving isotopes of hydrogen and

helium and releasing large amounts of energy are also theore-

tically possible.

Unfortunately, there are many forces preventing

fusion of hydrogen atoms, since hydrogen physically is a very

stable element and offers considerable resistance to change in

its atomic structure. The only apparent means to overcome

this resistance seems to be through ultra-high temperatures,

perhaps as high as several hundred million degrees Fahrenheit.

V/hile it is presumed that these temperatures are reached in

the detonation of fusion bombs by the explosion of fission

devices, the analogy is hardly applicable to peaceful uses of

fusion energy. To date, all attempts to create fusion energy

in the laboratory have failed and the prospect for success

seems many years away.

Because of the many difficult problems remaining to

be solved for practical use of fusion energy, our interest in

this bulletin will be confined to fission energy. Nevertheless,

it should be recognized that fusion represents a tremendous

energy source, and may eventually become a most important

factor in supplying energy to meet the world's needs.

Relative amounts of energy released from various

types of reactions involving one pound of various materials,

as compared to coal, are shown in Table l4.
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TABLE l4

RELATIVE QUANTITIES OF ENERGY
CONTAINED IN ONE POUND OP VARIOUS MATERIALS

Material Energy

Combustion of coal

Combustion of oil

Fission of uranium

12,000 Btu (average)

18,000 Btu =1.5 lbs of coal

3.3 X lolO Btu = 1,375 tons
of coal

10Fusion, deuterium to hellum-3 4.6 x lO-*-*-^ Btu = 1,900 tons
of coal

1.8 X 10^^ Btu = 7,500 tons
of coal

2.8 X 10^1 Btu =11,500 tons
of coal

3.9 X 10^3 Btu = 1,600,000
tons of coal

Fusion, tritium to helium-4

Fusion, hydrogen to hellum-4

Annihilation of any matter

Nuclear Reactor Concepts

Nuclear energy will not directly operate electric

lights, propel ships, or convert sea water to fresh water.

Instead, energy in the form of either heat, motion, or elec-

tricity is required. Heat is the basic energy form derived

from nuclear fission and the machine devised for transferring

this heat to a circulating fluid, such as water or gas, is

called a reactor. A variety of reactor types has been con-

ceived and the purpose of this section will be to explain those

reactor concepts v/hlch have proven to be practical or appear

to be most feasible, and to indicate the Inherent advantages

and disadvantages of each type.
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General Considerations

Many attempts have been made to classify reactor

types, but because of the various parameters Involved, these

attempts have often ended In confusion. Therefore, this

discussion will Include a description of the parameters and

how they are combined In specific reactors, but attempts at

classification will be avoided. The parameters to be Included

are neutron energy, moderator, fuel cycle, coolant, structural

material, and method of control.

The energy of neutrons occurring from a nuclear

fission reaction, varies considerably, either because of the

characteristics of the specific reaction or because the neutrons

have collided with other particles and have transmitted some of

their energy to these particles. A specific reactor is designed

to take advantage of only the neutrons with energies within

certain ranges, usually categorized as fast, intermediate, and

thermal, or slow.

Because reactors are designed for certain neutron

energy ranges, it is often necessary to place in the reactor a

substance which will slow the neutrons down to the desired

level. This substance Is called a moderator. Very few sub-

stances exhibit ideal moderator properties, since the moderator

must only absorb the neutron energy and not the neutron Itself.

Many substances which exhibit good coolant properties are also

good moderators. Since the purpose of moderators is to slow

down the neutrons, it is apparent that certain substances can

serve the double purpose of coolant and moderator.
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The fuel cycle is a most Important parameter in

reactor concepts, since many of the predicted economic advan-

tages of nuclear energy will occur through the development of

unique fuel cycles. In view of the several possible fuel com-

binations, many reactor concepts with different fuel cycles

have been proposed.

It will be recalled that there are three fissionable

Isotopes, U-235 (uranium), Pu-239 (plutonium), and U-233, of

which only U-235 is found naturally. Unfortunately, natural

uranium is composed of only O.71 percent of U-235i the remain-

ing metal being U-238. The process by which U-235 is separated

from U-238 is very expensive, thus making the costs of a

relatively pure U-235 fuel excessively high. However, it is

possible to design a reactor for use of either natural uranium

or enriched uranium (uranium in which the concentration of

U-235 is increased by varying percentages above the natural con-

centration). The advantages of natural uranium as a fuel are

twofold.

The first advantage is that the original cost of

fuel is much lower than that of pure or enriched U-235. The

second advantage depends on the fact that U-238 is a fertile

isotope (fertile means that the isotope may be converted to a

fissionable specie) since the U-238 atoms will absorb some of

the neutrons created in the U-235 fission reaction and be con-

verted to Pu-239 atoms, which are fissionable. The second

advantage therefore is due to the fact that additional fuel is

created, adding to the heat energy that may be extracted from

the fuel elements or increasing the amount of fissionable
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material that may be obtained (together with unfissioned U-235)

by separation from the irradiated fuel removed from the reactor,

A similar situation occurs with reactors designed to use U-233

as fuel, v;lth thorium as the fertile material. Diagram of a

typical reactor fuel cycle is shown below:

Pu-239

;



The possibilities of converting nuclear energy

directly into electric energy, or heat energy directly into

electrical, are presently being investigated, but to date no

economical scheme has evolved. Therefore, the first step in

making use of nuclear energy in a practical machine is to

transform it into heat energy. This conversion is a relatively

simple process, since the nuclear energy is represented mainly

by the velocity of the fission fragments and the slowing down

of these fragments, as occurs in the fuel, transforms this

energy into heat. The heat is removed by a circulating fluid,

either liquid or gas, which flows through the reactor and thence

through a heat exchanger for the generation of steam, or, as in

the boiling water type of reactor, directly to a turbine. In

either case, the heat energy in the steam is converted to

mechanical power in the turbine, which in turn drives a genera-

tor for further conversion to electrical energy.

Structural materials are very important in nuclear

reactor technology. In fact, nuclear reactors have required

the development of a wide variety of nev; structural metals and

alloys. For instance, the fuel element cladding (in some

reactor types the fuel is in rod or plate form and must be en-

cased for protection) and the reactor core structure must not

only offer \anique structural properties, but they must also be

corrosion resistant and must be resistant to the absorption of

neutrons. On the other hand, the reactor shielding and control

materials must have the ability to absorb the various types of

nuclear radiations.
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The method of control Is llkev^lse a very important

factor In a reactor since obviously it must be possible to

vary or to completely halt the nuclear reactions for load

changes, for cases of emergency, or for periodic maintenance

and fuel loading. The most common method of control is to

Insert into or remove from the reactor a nuclear poison (a sub-

stance which absorbs neutrons), usually in the form of metal

rods.

While these features are only a few of ttee va-riables

represented in different reactor concepts, th^ are the most

essential . Understanding of the terminology and purpose of

each variable allows us to discuss the various reactoi'S mo?e

fully.

Pressurized Water Reactor

The reactor type most used today, at- le^ast in the

United States, is the pressurized water reactor C?^) • 'This

concept has been well proven in submarines a«rd in a commercial

power plant ( Shlppingport Atomic Power Station, Shfp^lhgp©i«^t,

Pennsylvania) which has been operatirtg since 1957.

Water is an advantageous substance to use in a

reactor since its properties are well known, its cost is neg-

ligible, and its nuclear characteristics are favorable. Its

main disadvantages are its capacity to dissolve solids and

its corrosivlty.

In the PWR, water in the liquid state is employed

as both a moderator and coolant, and flows in a closed loop

through a heat exchanger where a portion of its heat is used
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to generate steam for a turbine. To prevent boiling and still

obtain the temperatures required for efficient turbine-

generators, the reactor is operated at high pressures , in the

range of 2,000 pounds per square inch--hence the name pressur-

ized water reactor.

The fuel elements in the PWR are usually enriched

uranium rods or plates clad in zirconium or stainless steel,

although aluminum has been suggested for lov/-temperature

applications. These elements are arranged in a lattice-type

configuration. Similarly, the reactor core is usually made of

stainless steel with carbon steel being suggested for possible

low-temperature applications. Control is usually maintained

through the insertion and withdrawal of boron stainless steel

rods, boron being a high neutron absorber.

The advantages of the PWR are its reasonable fuel

economy, high conversion ratio, use of relatively cheap water,

and the extensive experience gained with it. Disadvantages

include the high pressure requirements, the corrosiveness of

hot water, the high cost of fuel fabrication, and the need for

additional heat exchange equipment for the production of steam.

Boiling Water Reactor

To overcome some of the disadvantages of the PV/R,

the boiling water reactor (BV/R) v;as conceived and is rapidly

being developed. Its characteristics are very similar to the

PWR with the exception that boiling is allowed in the core.

By allowing boiling, the requirements of higher pressures and

additional heat exchange equipment are removed. Hence, the

-94*



BVm requires lower capital Investment than the pressurized

water reactor.

Other advantages of the B¥R include the lower

corrosiveness of steam. Disadvantages are represented by higher

fuel costs, radioactive contamination of the steam turbine, and

difficulty in control. A further disadvantage, shared by the

PV/R, is that present designs do not generate superheated steam,

a factor which limits turbine efficiencies. Future designs may

alleviate this condition by re- cycling the steam through the

center of the reactor core or by other means.

There are certain advantages to the use of heavy

water versus light water in both the pressurized and the boiling

reactor types and considerable developmental work is being done

with heavy water as a coolant and moderator. Heavy water is

composed of deuterium (hydrogen isotope of mass number 2), and

although its properties as a moderator are not quite as good

as light water, its neutron economy is considerably better.

Because of this economy, fuel cost savings in heavy water

reactors are extremely likely. On the other hand, heavy water,

which is produced by separation from normal water, where it

exists in the ratio of l60 parts per million, is priced at $28

per pound by the Atomic Energy Commission. Therefore, a

reactor which uses heavy water would require higher capital

investment, both in the cost of the heavy water itself and in

the necessary refinements in equipment required to prevent

leakage.

Of further interest is the fact that the most advanced

designs of the PV/R allow some boiling within the reactor core,
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while those of the BV/R tend to restrict bolllns. It is

extremely possible that these tv;o concepts are pointing toivard

the same goal and that merely a "v/ater reactor" will evolve.

Of^aJiie Moderated Reactor

It has been poist'ed o.wt that the PWR requires high

pressure to prevent bolllKig/ v/hlle the BWR presents dlffieulty

tn providing superheat. To overcome these problems, it vvas

p;i?oposed to use coolants wh^se boiling points are we].l above

thi& tetis^eratures requlrjed to superheat steam. From these

pf^posals several reactor (concepts have evolved.

On© ©f these is the organic moderated reactor (OMR),

a react'Or type which no^? is offering economic competition to

tiJ© water type systems. This reactor uses any of several

©:3?ig.^3ilc substances, such as dlphenyl, as both a moderator and

coolant. These substances offer reasonable moder^ator and

neutron economy properties^ alt3^©ugh their heat transfer char-

acteristics are less favorable than v/ater. Fuel in present 0I4R

designs is composed of uranium alloyed with molybdenum and is

in plate form.

The advantages of the OMR concept Include the possi-

bility of superheated steam production, lov; capital cost,

negligible corroslveness, and excellent safety characteristics

under proper design conditions. Disadvantages Include high

fuel fabrication cost, possible decomposition of organic

moderator, and less efficient heat transfer.
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Sodium Graphite Reactor

Other concepts which have evolved to avoid the high

pressure requirements, yet produce superheated steam. Include

the liquid metal reactors. These reactors are best exemplified

by the sodium graphite reactor (SGR). This reactor is based

upon the use of liquid sodium metal as a coolant and graphite

rods as moderator. Fuel elements are composed of slightly

enriched uranium and are arranged in lattices.

The advantages of the SGR include the following:

high temperatures are achievable without pressurlzatlon;

corrosion problems are minimized; heat removal chai^cterlstics

are excellent, and with proper design a good conversion ratio

of U-238 or thorium is possible. Disadvantages Include the

chemical reactivity of sodium with air or water, intermediate

heat exchange equipment requirements, special core structural

problems, and the need for special equipment to handle liquid

sodium and prevent solidification during shutdowns.

Gas Cooled Reactor

Still another concept which has the special advan-

tage of permitting high temperatures is the gas cooled reactor

(GCR). The GCR, as its name indicates, uses gas such as

helium, nitrogen, or carbon dioxide as a coolant and is

moderated by either graphite or water. Because of the excellent

nuclear properties of either helium or carbon dioxide, the GCR

is able to operate on a natural uranium fuel cycle, hence,

certain fuel economies are obtainable. The main disadvantages

of the GCR are poor heat transfer efficiency, low power

density, and high capital cost.
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Homogeneous Reactor

All the reactor concepts previously described are

of heterogeneous type, that is, the fuel and coolant are

separate. It Is reasonable to suppose that certain economies

may be gained by combining fuel, coolant, and moderator into

one medium. This system has evolved into the homogeneous

reactor.

The advantages of this concept are many, of which

the elimination of fuel fabrication costs, continuous fuel

processing, good overall heat transfer characteristics, and

possibilities of self-control are the most important. But

with today's technology, the problems yet to be resolved in

the homogeneous reactor are considerable. Such considerations

as corrosion, containment of radioactivity, equipment for

coupling nuclear, hydrodynamic, and mechanical systems, and

maintenance are still in the research stage. Until these

problems are resolved, a full evaluation of the homogeneous

reactor cannot be made.

Fast Breeder Reactor

An advanced concept is embodied in the fast breeder

reactor. This reactor has a double purpose-- to produce power

and to breed fuel

.

In fast breeder reactors, no moderator is required

since the reactor utilizes fast neutrons. This results in

an advantage in the conversion of the fertile material since

higher neutron economies prevail in the fast neutron range

.

In experiments with fast breeder reactors, liquid sodium has

been used as a coolant.
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The advantages of the sodium cooled fast reactor are

the possibility of producing more fuel than Is consumed, small

reactor core size, and good heat removal characteristics.

Disadvantages Include the difficulties in handling liquid

sodium, fast-acting control system requirement, and fuel hand-

ling problems.

Other Types of Reactors

There are other types of reactors v/hlch offer even

more novel approaches than the fast breeder reactor to the

problem of converting nuclear energy to usable energy. Such

concepts include the molten salt, pebble bed, boiling sulphur,

fluidized fuel, thermal breeder, and dust fueled reactors.

The potential of these concepts is unknown, but with future

development the economic and technical promise of any of

these types may completely outmode the better known concepts

of today.
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Nuclear Power Costs

The economics of nuclear power are presently subject

to much conjecture and supported with very little experience In

operating plants since those reactors now under construction or

in actual operation are products of the first generation of

nuclear power. Since first generation products of any technical

innovation include large research and development costs, it is

obvious that these reactors present an inadequate measure of the

present and future economic potential of nuclear power. Present

cost estimates of nuclear power must perforce be largely derived

from design studies, experimentation, and assumptions.

Present Costs

Costs of the first full-scale civilian power reactor

built in the United States (at Shippingport, Pennsylvania) are

an excellent example of the operation of this principle. When

research and development costs are added to those of design and

construction of the Shippingport reactor, power costs exceed

five cents per kilowatt-hour, a cost several times of conventional

thermal power plants and as much as 10 times the predicted ulti-

mate costs of nuclear power.

Accurate cost estimating is further handicapped by

the fact that the Shippingport reactor is the only reactor

in the United States from which a fair amount of operating

experience useful for economic analysis has been gained. This

situation will gradually be clarified, however, with the start-up
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and operation of several power reactors presently under con-

struction or recently placed in operation.

Because there are few full-scale nuclear power plants

with substantial operating experience, the economics of nuclear

power must be derived from a wide variety of studies, pilot

plant experience, and preliminary designs. Many of these paper

studies may be fairly accurate, but several years of operating

experience must be accumulated before a reliable base will be

established for cost estimating purposes.

The most useful source of economic Information on

nuclear power costs la the Atomic Energy Commission. The

Commission, through its responsibility for sponsoring research

and development of specific reactor types, must have accurate

appraisals of the economic potential of each reactor. Therefore,

reliable predictions of power costs from. specific reactor types

are a necessity.

Prior to discussing the recent cost data of specific

reactors published by the Atomic Energy Commission, It Is useful

to point out the important categories involved In nuclear

power costs. These categories Include fixed charges, fuel cycle

costs, inventory charges, and operation and maintenance.

Fixed charges are common to all engineering projects

and Include the cost of money, depreciation, and interim replace-

ment of equipment. Factors which determine these fixed charges

in a nuclear power plant Include the capital cost of the plant,
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interest rates, taxes, insurance, the power output of the

plant, plant factor, and the expected lifetime of the equipment

and structural components of the plant.

Fuel cycle costs are simply the cost of fuel for the

plant. They are analogous to the cost of gas or oil for the

conventional power plant.

Inventory charges are the carrying charges applied

to fuel kept on hand for reactor refueling or in the stage of

reprocessing. Because of the heavy investment in this fuel,

carrying charges must be applied. In heavy water reactors, an

additional inventory charge is applied to the heavy water itself

in view of its large cost.

Operation and maintenance costs, as the names imply,

include supervision and administration, operation and maintenance

labor, and materials and supplies.

Because capital costs are the most important factors

in the fixed charge category, it is useful to illustrate the

capital costs of nuclear power plants presently operable, being

constructed, and planned. Table 15 lists capital costs of a

number of representative plants, of which all are advance esti-

mates except for Shippingport and Dresden.

Certain trends are noticeable from this table. Among

these is the general rule that the larger the reactor, the

smaller the unit capital cost per kilowatt. This characteristic

is true in conventional power plants, but is even more
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TABLE 15

GENERAL DATA ON NUCLEAR POWER REACTORS /

IN THE UNITED STATES AND THE BRITISH COMMONWEALTH^^

Name
of

reactor



pronounced In nuclear power plants. For this reason, we may

anticipate that nuclear power plants of the future will be

fairly large in capacity.

A second trend in the capital cost of nuclear power

plants, though not readily apparent from the table, is the down-

ward unit capital cost with each new proposal. The first nuclear

power plants required the development of new materials and

equipment, fabrication and assembly to rigid specifications,

elaborate Instinamentatlon, and extreme provisions for safety.

With Industry now having gained experience with new materials

and techniques, costs dependent upon these factors are decreasing.

In addition, nuclear power is becoming an Industry- supported

product, and the spirit of American enterprise has created

competition among the industries producing different reactor

types, inevitably leading to lower costs.

Future Costs

There seems to be general agreement among workers

in the field of atomic energy that atomic power in the United

States will become competitive with conventional power, at least

in high-cost energy areas, by about 1970. To make this possible,

strong efforts must be made to simplify design, to Increase

thermal efficiencies, to decrease constmiction costs, to get

maximum energy out of the fuel, and to minimize operation and

maintenance costs. The goal of competitive atomic power cannot

be reached with the construction of a few experimental and
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prototype plants, but progress toward this goal can confidently

be expected as large-scale plants, some of which are under con-

struction now, are brought into production.

A 10-year program, designed to make nuclear energy

from large power plants economically competitive with conventional

plants in high-power cost regions of the United States, has been

charted by the Atomic Energy Commission. This program is the

result of an intensive study by the Reactor Development Division

of the Commission, undertaken in June 1959^ and presented to

Congress at the "state-of-the-industry" hearings held by the

Joint Committee on Atomic Energy in the spring of 196O. The two

fundamental objectives of this civilian atomic power program are:

1. Reduce the cost of nuclear power to levels

competitive with power from fossil fuels in

high-energy cost areas in the United States

within 10 years (reckoned from 1958, when the

commission's objective was first stated).

2. Support a continuing long-range program to

further reduce the cost of nuclear power in

order to increase the economic benefits and

extend the benefits to wider areas.

High-cost energy areas are defined as areas where fossil

fuels cost $0.35 per million Btu or higher. (For comparison, oil

and gas prices in the major power generating regions in California

range from $0.30 to $0.35 per million Btu.) Representative con-

ventional power costs in the high-cost energy areas are estimated
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to be about seven mills per kilowatt-hour for a 3OO megawatt

single-unit station, operating at an 80 percent load factor, with

l4 percent fixed charge rate on an estimated capital cost of $l66

per kilowatt. Competitive nuclear power is considered to be

achieved when utilities are able to build and operate nuclear

power plants on the basis of their economic advantage. Primary-

emphasis in the program was placed on large power reactors of 3OO

megawatt capacity, since it is in the larger sizes that the

nuclear plant will most quickly prove economic.

Capital Costs

As the basis of its 10-year program, the Atomic Energy

Commission evaluated eight major reactor concepts currently under

development in the civilian reactor development program, establishe

the present economic and technological status of each concept,

delineated the specific technical improvements that could be fore-

seen for each, and made estimates of the impact these improvements

would have on the cost of nuclear power. The commission also

outlined the development program, including cost estimates, that

would be needed to realize the improvements. The cost data

developed during this study are tabulated in Table 16. It will

be noted that, in a number of cases, the capital costs of future

plants are only slightly above $200 per kilowatt, and the result-

ing power costs are between seven and eight mills per kilowatt-

hour. Also, in one case (organic), the capital and power costs

are well below $200 per kilowatt and seven mills per kilowatt-hour,

respectively.
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An encouraging development, tending to support the

Atomic Energy Commission forecasts. Is the serious consideration

being given by two leading utilities In California— the Pacific

Gas and Electric Company and the Southern California Edison

Company— to the construction of a large nuclear power plant in

each of their respective systems. Southern California Edison

Company has recently concluded negotiations with Westlnghouse

and Bechtel Corporation for the design and construction of a

375 megawatt pressurized water reactor power plant to be located

in the Southern California area. Studies made by the company

have indicated that such a plant would be economically competitive

with conventional fuel plants, when considered for the duration

of the plant's operating life. The estimated capital cost

approaches 78 million dollars, about $208 per kilowatt, and thus

is somewhat lower than the future predicted cost of a large

pressurized water plant in the Atomic Energy Commission program,

as listed in Table 16.

Another recent California development is the acceptance

by the Atomic Energy Commission of a joint proposal from the

Cities of Los Angeles and Pasadena, to build a 50,000 kilowatt

boiling water reactor power plant. The cities will provide the

site and the turbogenerating equipment, while the Atomic Energy

Commission will procure and own the reactor portion. The selected

site is near the town of Saugus about 25 miles northwest of Los

Angeles.
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Of further Interest In the field of economics of

nuclear power Is a studyi/ recently made for the Department of

Water Resources by Stanford Research Institute on the Impact of

nuclear energy on the State Water Facilities^ specifically the

conveyance of water from the Delta to Southern California. The

State Water Facilities consist of dams, reservoirs, aqueducts,

pumping plants, and hydroelectric generating plants, designed to

serve various areas of the State with water for mxonicipal, in-

dustrial, and agricultural use. The means of financing this

program v/ere provided by the passage of legislation (Bums-Porter

Act) in November I96O, v;hich authorized the Issuance and sale

of bonds in the amount of $1,750,000,000. A key feature of the

State Water Facilities is the California Aqueduct which transports

vrater from the Delta (near the San Francisco Bay area) to

Southern California.

In its study, Stanford Research Institute considered

the power demands of a certain group of pumping plants and

predicted that the costs of nuclear energy applications to supply

these pumps under the conditions of the State Water Facilities

plan will become competitive with conventional energy applica-

tions between 1977 and 1984, depending upon plant size, financing

methods, and other variable factors. Assuming a 25-year life

for a nuclear power plant, nuclear energy v>rlll become competitive

with the first power plant to be built in the system, and will

1/ "The Impact of Nuclear Energy on the State V/ater Facilities

of California", by Stanford Research Institute.
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become Increasingly favorable as new units are added to match

the water demand buildup through the years. Stanford Research

Institute predicted that capital costs of large nuclear power

plants will decline to a level of about 20 percent above that

of conventional power plants by 1970, and will reach equality

with conventional plants by 2020.

The Atomic Energy Commission predictions of capital

cost trends, as shown in Table l6, are more conservative, at

least for the latter part of this decade, than those of the

Stanford Research Institute. Capital costs will be reduced as

more experience is gained in manufacturing the many items of

special equipment required for a nuclear power plant. Also,

experience with operating plants may reveal that cheaper materials,

less rigid fabrication techniques, fewer special components, less

elaborate instrumentation, simpler refueling equipment, and less

extensive provisions for safety will be acceptable. These factors

should tend to materially reduce capital costs in future plants.

Fuel Costs

Since capital costs will remain high for the foreseeable

future, costs of nuclear fuel must be proportionately lower than

that for fossil fuels in order for nuclear power to be competitive

with conventional power.

The Stanford Research Institute feels that nuclear fuel

costs will decline to about four mills per kilowatt-hour in 1970,

to two mills by 1995, and to 0. 5 mill by 2020.
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Some of the means by which reductions In fuel costs

will be gained are as follows:

1. Increase In the amount of heat energy extracted

fix)m a unit weight of fuel, through longer

exposure In the core and better heat transfer.

2. Increase In demand for fuel elements, leading

to economies in fabrication and processing

techniques

.

3. Reductions in storage and chemical reprocessing

charges.

No technical breakthroughs leading to dramatic rates

of Improvement in these aspects are expected to occur; rather,

it is likely that small gains in each will be effected from

year to year, producing a gradual downv;ard cost trend.

Because of the comparatively high capital costs of

nuclear power plants, and the potentially low fuel costs, it

is safe to assume that nuclear plants will usually form the

base load of any power system. This characteristic has

unusual significance when applied to the pumping requirements

of the State Water Facilities. In the event that pumping

energy requirements were maintained at a constant rate, a

nuclear power plant within the system could be operated at

a high capacity factor, a definite economic advantage.

Nuclear Energy for Saline Water Conversion

In addition to application of nuclear energy to the

generation of electrical pov/er, it may also be used in the

form of heat for application to the conversion of salt water
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to fresh. All large capacity sea water conversion plants in

use today are of the distillation type and thus use heat,

usually in the form of low-pressure steam, as an energy source.

Certain economies, such as in fuel fabrication, can be realized

in reactors that produce low temperature steam. Nuclear

energy, therefore, has encouraging potential advantage when

used in distillation processes. Studies have shown that heat

from large size reactors in the future may be cheaper than

that from fossil fuels, but even when combined with the most

efficient distillation plant now available, the cost of the

product water is not competitive with normal natural fresh

water sources.

Isotope Applications

In addition to nuclear power, the Department of

Water Resources has a direct interest in utilization of several

other aspects of nuclear phenomena. These may have an immediate

or potential application to water development problems.

Radioisotopes, for instance, are being used in a number of ways.

Recent developments in the quantitative determination of certain

stable isotopes may have great potential benefit in hydrology.

The use of nuclear explosives for improvement of ground water

resources also has been studied, but direct benefit from this

activity seems quite remote at the present time. Studies by

the department connected with these processes are described

below.
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utilization of Radioactive Isotopes

The Department of Water Resources has been licensed

by the Atomic Energy Commission to possess certain quantities

of radioactive materials for use In Its program. By-product

material licenses have been Issued and purchases made of

ceslum-137 and of actinium- 22? as sealed sources. A special

nuclear material license has been granted to the department

for possession of up to 10 grams of plutonlum-239> as sealed

plutonlum-berylllum neutron sources. Two of these sources

are currently In use. In addition the department has pur-

chased six neutron sources, containing a total of about

30 milligrams of radium- 226. This element Is not under

licensing control by the Atomic Energy Commission.

Various units of the department have been actively

engaged either directly or in cooperation \rlth other agencies

in activities involving radioactive Isotopes. These activities

are described in this section.

Principles of Soil Moisture and Density Measuring

Devices . Certain radiation phenomena lend themselves admirably

to the rapid, non-destructive measurement of the moisture

content and the density of granular materials, such as soils.

VJhen a source emitting high energy or "fast" neutrons is

placed in the vicinity of a hydrogenous medium, the neutrons

are moderated, or "slowed", almost exclusively by collisions

with nearby hydrogen atoms. Consequently, the number of slow

neutrons produced is proportional to the density of hydrogen

atoms in the surrounding medium and is essentially independent
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of its other chemical or physical properties. In soils water

Is the principal contributor of hydrogen atoms.

A detector which Is sensitive only to slow neutrons

is placed close to the fast neutron source, and enclosed in a

device called a neutron probe. When this probe is placed in

the soil, pulses due to slow neutrons will register on suitable

counting equipment. The count rate may then be related to the

soil moisture in the vicinity of the apparatus by means of a

prior calibration of the Instrument.

By application of somewhat similar principles

through the use of a source of gamma radiation and a gamma

detector in a density probe, the electron density of the atoms

composing the surrounding soil may be determined. Count rates

resulting from this measurement may then be related to the

bulk density of the medium in which the device is placed.

The Department of Water Resources is now using

portable Instruments which contain radioactive sources to

secure field data and to provide valuable information for use

in water resource development activities.

Vegetative Water Use Studies . A thorough knowledge

of the consumptive use of water is essential in water develop-

ment planning. One of the methods whereby water use by

vegetation (evapotranspiratlon) may be evaluated is by

accurate field measurement of the depletion of moisture from

the soil.

In determining water use by a selected crop, a

neutron probe is lowered into the soil through a cased bore
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hole in the field In v;hlch the crop is being raised to depths

up to 25 feet. Moisture readings are made at selected depths

in the soil, normally at 1 -foot intervals. These measurements

are made periodically during the grov/ing season. By this

procedure, it is possible to determine water content changes

in the root zone of the soil, and with knox^fledge of the

quantity of v;ater applied, water depletion for the crop is

determined. These measurements are being made at several key

stations throughout the State. Areas in which neutron probes

are being used by the department for evapotranspiration

studies include Kern County near Bakersfield, V/estern San

Luis Obispo, and Santa Barbara Counties, the Sacramento-San

Joaquin Delta area, the foothill areas of Placer and Nevada

Counties, and Shasta County. Figure I8 depicts the equipment

in operation at one of these field sites.

Land Subsidence . Soil moisture and soil density

probes are being used at test sites located in subsidence areas

on the west side of the San Joaquin Valley. The interest of

the Department of V/ater Resources in these areas arises from the

the fact that the proposed route of the California Aqueduct

traverses the areas. Data obtained from this investigation

yield the rate and amount of penetration of v/ater through

the soil from the surface to a depth of 200 feet. By this

method, valuable information on subsurface conditions, which

should materially assist in the design and construction of

the aqueduct is being col].ected.
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Ground Vfater Recharge . The Department of V/ater

Resources Is currently cooperating v/ith the United States

Department of Agrlcultxare, Agricultural Research Service, in

studies of the movement of ground water. For this purpose,

neutron probes are being utilized for soil moisture measurements.

Field studies are being conducted in the San Joaquin Valley,

in connection ;vith a program to investigate ground water

recharge.

Compaction Control . Rapid, nondestructive soil test-

ing methods, vmich are provided by the use of devices containing

radioactive sources, are particularly useful in many areas of

earthwork construction. Instruments have been developed v/hich

are designed to operate on the soil surface, and to indicate

Its moisture and density to a depth of about 1 foot. The

Department of V/ater Resources has made evaluation studies with

these devices on several embankment projects in connection

with its construction activities. Close liaison is being

maintained with the State Division of Highways, which has

several of these instruments in use.

Snow Measurements . Rapid and accurate determination

of the v;ater content and density of snov;packs is important in

prediction of total water in storage in v/atershed areas.

Studies of the possible application of radioactive probes to

this purpose are being made by the United States Forest

Service, in cooperation v;lth the Department of V/ater Resources.

This work is being conducted at the Central Sierra Snow

Laboratory, near Soda Springs.
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Figure 18

Soil moisture probe in operation on an alfalfa field in Shasta County. This

is one of the department's vegetative water use plots.

Photograph by OWK





Isotopes as Tracers

There is a real need In hydrologic studies for

tracers which will permit the identification of flow paths

and calculations of flov/ velocities in various types of

v;ater bodies. Radioactive tracers, v;hich may be detected

accurately and precisely even in very low concentrations

appear to fill this need ideally.

At present the Department of Water Resources is

participating in such studies to the extent of maintaining

close liaison v/ith members of other agencies, who are con-

ducting a few studies of this nature, as described below.

Seepage Studies . The radionuclide tritium has been

used in a project to determine the magnitude and extent of

seepage of water from canals. Personnel of the United States

Bureau of Reclamation and the University of California,

Department of Engineering, have conducted seepage studies on

a test section of the Madera Canal.

Flow Studies . Stream flovj and silt transfer

studies utilizing radioactive tracers are being conducted by

the University of California, Department of Engineering. This

work promises to provide information which should find many

direct applications in departmental hydrologic activities.

Possible Use of Stable Isotopes

Recent studies have indicated that considerable

information regarding the source and history of surface and

ground waters may be obtained by analyses for the stable
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Isotopes of hydrogen and oxygen normally present in such

v/aters. These Isotopes include hydrogen-1 and hydrogen-2

(deuterium) J and oxygen-l6, oxygen-17j and oxygen-l8. Because

of differences in volatility caused by the normal distribu-

tion of these isotopes in v;ater, there is a tendency to enrich

waters which are subject to free evaporation, in the heavier

of these isotopic species. Similar phenomena govern the con-

densation of v;ater vapor which falls as precipitation. Thus,

by a careful study of isotopic ratios in v/aters, much infor-^

mation of considerable importance to hydrology may be obtained.

The department is actively pursuing an investigation to deter-

mine the feasibility of further studies in this area tov^ard

the solution of some major hydrologic problems.

Possible Uses of UndergrQund Nuclear Explosions

Anathsr applicstion cs)f' nuclear energy having poten1:ial

vaL\ae to the State of California is the possible beneficial

resialts, firam a water supply standpoint, to be achieved from

an underground nuclear e^qyl-oalon., Sxich an explosion might

conceivably affect a ground water aquifer so as to facilitate

recharge^ Increase storage capacity, increase rock permeability,

or break through a barrier in order to interconnect adjacent

aquifers. An underground explosion might also produce a great

amount of recoverable heat at moderate cost. The heat could

possibly be released at a controlled rate by use of a transfer

agent, such as water or gaa,. and used for the production of

power or in the form of heat for the conversion of salt water

to fresh

.



study and experimentation in the peaceful uses of

nuclear explosive devices v/ere Initiated at the University of

California Lav/rence Radiation Laboratory at Llvermore in 1937,

in connection with the AEC Project Plowshare Program. In

addition to the possible applications relating to ground v/ater,

other uses being investigated include excavation, isotope pro-

duction, recovery of oil from shales and tar sands, mining,

and applications to scientific studies in seismology, geology,

and special chemical reactions.

The department has participated in discussions with

members of the laboratory staff concerned in Project Plowshare

studies in an attempt to evaluate effects and possible benefits

of an underground nuclear explosion in an aquifer. Insuffi-

cient information is available, however, to assess the effects

of such an explosion on the geological formations in which

ground w^ater occurs and on the water itself, and further

investigative work is not planned at this time.

The possibility of producing controlled poxver or

heat from an underground explosion appears quite remote. Some

preliminary studies of the technical reaaibility and economics

of a process for transfer of residual heat from an underground

explosion to water have been made by Professor I. Patt of the

University of California^^, showing the probable costs to be

quite high. Not only are formidable engineering problems

1/ I. Patt, "A Study of the Feasibility of Using an Underground
Nuclear Explosion as a Source of Heat Energy for the Distil-
lation of Sea Water", University of Galli'omla, Berkeley,
California, Series No. 75. Issue No. 17, September 2^,. I959^
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involved In a project of this nature, but the further unfavor-

able fact exists that a period of many years must elapse after

the firing before the rock cools to a point where the heat can

be extracted.

The practicability of underground nuclear explosions

to alter ground water conditions, or to furnish heat for

salt water conversion or pov;er, appears quite remote at the

present time and should only be considered to be a theoretical

possibility until extensive further experimentation has been

performed

.

Summary

The utilization of nuclear energy in development of

California's water resources may take two forms--as low

temperature steam for a saline water conversion process, and

as a steam producer for power generation. While present costs

of nuclear energy are high there is growing assurance that

this energy source (converted to either heat or electricity)

will ultimately cost less than energy from conventional

sources. This means an increasing share of future power

demands will be shifted to atomic plants, a trend fostered

also by dwindling fossil fuel reserves. It is not likely that

a nuclear-powered conversion plant v;ill be built in the State

for many years. Hov/ever, studies have shown that nuclear

energy will be economically preferable and conventional in

supplying the major pumping pov;er requirements for the State

V/ater Facilities if the power generating plants are built by

the State. Studies of alternative pov/er sources are being

-120-



made, however, and a decision as to the source of pov/er has

not been made at this time.

V/ith respect to radioisotopes, tangible benefits

have accrued from their use as a tool in facilitating the

measurement of land and v;ater use efficiencies. It is anti-

cipated that further uses v\fill be devised as experimentation

is continued and techniques improved.
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CliAPTER IV. NONCOmrENTIONAL ENERGY SOURCES

Introduction

Man's need for sources of energy to activate his

machines and devices has paralleled human progress and

civilization. At the present time, the major sources of energy-

are fossil fuels and power derived from falling water. Within

the next one or tv;o decades nuclear energy v;ill probably

assume a substantial role in meeting power demands In California,

Nevertheless, a survey of less conventional energy sources for

possible use in v/ater deminerallzatlon and to augment or

supplement basic power sources Is of interest. Most so-called

nonconventional sources considered in this chapter have already

had a long history of rather limited exploitation in the

United States ,as well as in other parts of the v;orld.

Within the recent past, various individuals and

groups have developed suggestions and proposals for the use of

a v;lde variety of sources of power. Energy beneficial to man-

kind lurks in seemingly strange places or in unexpected forms.

The purpose of this chapter is to discuss and to appraise the

present and probable future of some of these forms of energy,

with primary regard to their possible use as sources of energy

for v;ater deminerallzatlon, and secondarily for power,

especially for isolated locations.

The United Nations Educational Scientific and

Cultural Organization (UNESCO) has, in recent years, given

special attention to the possibilities of employing
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unconventional energy sources, especially in the arid and

semi-arid regions of the v;orld. As a part of its regular

scientific activities it has undertaken a broad reviev; of

current research in various countries. In 195^:. UNESCO

organized an international symposiumi/ held in India, on

v^ind and solar energy. In 1955^ UNESCO gave financial support

to a World Symposium on Applied Solar Energy-^, held at

PhoeniXj Arizona. More recently, UNESCO assisted the Depart-

ment of Economic and Social Affairs of the United Nations in

a comprehensive study^ of many types of nonconventional

energy sources.

At the present time, UNESCO and the V/orld Meteoro-

logical Organization are undertaking the first vrorldvjide survey

of solar radiation distribution, mapping the daily and annual

variations, dependence on altitude, and related factors. The

study is being conducted in cooperation with a specialized

solar observatory and makes use of observed data gathered

during the recent International Geophysical Year. At the

present time there exists no simple and inexpensive instrument

for measuring solar radiation, useful in the determination of

sites most suitable for solar energy development. UNESCO is

providing financial assistance to developing such an instrument

as well as for testing other solar energy apparatus.

1/ UNESCO, "Wind and Solar Energy; Proceedings of the Nev;

Delhi Symposium", Paris, 1956.
2/ Stanford Research Institute, "Proceedings of the V/orld

Symposium on Applied Solar Energy, Phoenix, Arizona,
November 1-5, 1955", Menlo Park, California, 1956.

3/ United Nations, "Nev/ Sources of Energy and Economic
Development", E/2997 Department of Economic and Social
Affairs, New York, 1957-
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A comprehensive symposlurti/ on all phases of the

utilization of solar energy v;as held at Madison^ V/lsoonsln,

in 1953. It was sponsored by the United States National

Science Foundation and the University of California. The

purpose of the meeting v/as to discuss the possibilities of

solar energy utilization and to determine the areas v/here

research should be encouraged.

In 1958, the French National Center of Scientific

Research conducted, at Montlouis, a symposium on the applica-

tions of solar energy in the modem world. Subjects discussed

ranged from small cooking devices, water and house heaters, to

solar poviTer devices in space vehicles.

Solar Energy

Solar radiation has long been used to increase the

rate of plant growth, to lengthen the growing season by the

use of greenhouses, and to evaporate saline v/ater in the salt

industry. Modem solar energy applications are still largely

in the research stage, varying from observations of solar

radiation to advanced experimentation on a worldv;ide basis in

such countries as Algeria, Australia, the Congo, Burma, Egypt,

France, French West Africa, India, Israel, Italy, Japan, the

Union of South Africa, Russia, the United Kingdom, and the

United States.

1/ Daniels, F., and Duffle, J. A., "Solar Energy Research",
The University of Wisconsin Press, r4adison, 1955.
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The quantity of energy radiating from the sun Is

very nearly constant. Outside the atmosphere of the earth,

and on a surface perpendicular to the rays of the sun^, this

radiant energy Is about J ,h Btu per square foot per minute.

Due to losses sustained in passing through the upper atmosphere,

and through clouds in the lov/er atmosphere, radiant energy of

the sun is greatly depleted and extremely variable in inten-

slty when it reaches the earth's surface. At Fresno,

California, for example, the maximum radiation rate occurs in

July, at a little past mid-day, and equals about 5 Btu per

square foot per minute. The minimum radiation occurs in

December and for a comparable time of day equals about 2 Btu

per square foot per minute. Cloudiness would, of course,

reduce the energy received to a lesser value.

The average dally energy on a horizontal surface in

a sunny climate, such as the southwestern United States, Is

from 1800 to 2000 Btu per square foot per day. Typical obser-

vations in areas inhere solar Intensity is relatively high are

given in Table 17.

Basic techniques utilized to convert the radiation

of the sun into usable energy are classified into two groups.

1. Processes utilizing solar heat.

2. Processes utilizing light from the sun.

In addition, there are being developed means for the direct

conversion of heat into electricity, whether the heat be

derived from the sun or from other thermal sources. These

processes will be described later in this chapter. The so-

called solar battery is also briefly discussed in this section.
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TABLE 17

AVERAGE SOLAR RADIATION ON A HORIZONTAL SURFACE

(Btu per square foot per day)

Minimum monthly; Maximum monthly;

Location

Yearly"
Average, In Btu; Average, in Btu: Average, in Btu
per square : per square : per square
foot per day : foot per day ; foot per day

Honolulu, Hav/ail

El Paso, Texas

Fresno, California

Riverside,
California

Santa Maria,
California

Albuquerque, New
Mexico

Las Vegas, Nevada

Salt Lake City, Utah

Phoenix, Arizona

1,395



Lenses or reflecting mirrors are needed to create

temperatures higher than a few hundred degrees. As these lenses

or mirrors captxjre only the direct rays of the sun, they must

be continually rotated so as to keep the sun's rays In focus.

The heat captured and the temperature created are dependent on

the quality of the mirror surface and the accurate shaping of

the parabolic collectors. As a consequence, differentiation

Is frequently made betv/een medium temperature devices and

high temperature furnaces. The heat in the former, belov; about

1,800° F., may be used directly in lov7- temperature furnaces

and In solar cookers, or may be transferred through liquid or

gaseous media to operate engines of various types. High-

temperature furnaces (l,800 to 6,300° F.) are chiefly used in

industrial and research applications to treat refractory and

metallic materials, to Induce chemical reactions, and to create

steam of high t^emperature and pressure.

For certain remote areas of California, the use of

solar energy for' direct distillation of saline water or for

production of power for pumping and domestic electrical use

may prove feasible. For such regions. Dr. Vannevar Bush has

recently proposed the use of slow-moving solar heat engines

employing air heated by the sun in flat plate collectors as

an energy source

.

Historically, California has been the locale for

several solar steam engines built and operated early in the

present century. One v;as built in 19OI in Pasadena, and

during the same year another, developing 11 horsepower, was
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constructed and operated at the Ostrich Farm in South Pasadena.

In 1905 and 1908, tv;o solar-mechanical devices (15 and 20

horsepower, respectively) were constructed and operated at

Needles, California.

Techniques for Solar Light Utilization

Solar radiation in the form of light may be converted

to useful forms of energy by employing various photochemical

and photoelectric processes.

The basic concept in photochemical processes is that

a number of chemical reactions may be activated by sunlight in

v/hich the reactants themselves, or a photocatalyst mixed v;lth

the photochemical, absorb solar energy. Of the several photo-

chemical processes, photosynthesis is the most useful. Re-

search work on this process is concerned not so much v;ith the

efficiency of chemical conversion as it is v/ith obtaining means

of utilizing and storing the greatest possible quantity of

solar energy by means of plant life. This involves the proper

selection of plants and the creation of optimum conditions for

their growth. Interest is especially being centered on single-

celled algae that can grov/ and multiply in v;ater.

Photoelectric conversions are of much interest in

direct utilization of solar energy. One device is the photo-

voltaic cell utilized in photographic exposure meters. An

electric current is produced when solar rays strike a light

sensitive material, such as selenium. Modern cells, developed

as a result of research in semi-conductors, employ silicon and

are called solar batteries. Minute amounts of arsenic,
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.melted with silicon of high purity^ produce negative-t;!y'pe

silicon. The material is produced in the form of thin wafers

v/hich are subsequently covered with boron to produce a thin

top layer of positive-type silicOxn. As a result of the

juxtaposition of negative-tjrpe and positive-type silicon, an

electric voltage is generated v;hen light strikes the junction
b€.:r'' ',.;

of the layers. At the present time, the efficiency of the

solar battery is lov/. It is anticipated, however, that con-

tinuing research will eventually produce a device of relatively

high efficiency for the direct conversion of solar rays into

electricity.

-.:...;":'; Geothermal Energy

Probably prehistoric man knew and used hot v/ater and

steam produced in the Interior of the earth. Hov/ever, the

actual production of mechanical and electrical power from

steam or hot water originating in subterranean sources of

heat dates back only to 1904, although investigations of such

sources of energy cover a period of almost a century.

Regions of the earth v/here readily observable sources

of geothermal energy are available are extremely limited.

Principal sources are located in Italy, Iceland, New Zealand,

Alaska, and in the Western United States. In California,

such sources are located in Sonoma County, Lassen National Park,

and in the Imperial Valley.

'"••^cro.''ovof: Practical utilization of geothermal energy for the

generation of electricity is well established in Italy, v;here

pov;er facilities had attained a total capacity of 27^,000
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kilovmtts by the end of 195^, with an output of nearly 2,000

million kilowatt-hours annually. In Japan, investigation ahd-f'^'^

research in this field includes a 30-kilowatt pilot plant '^^

tested in 1951 j numerous test borings, and plans for a 3,000-

kilo'-^ratt installation. In New Zealand, a 37,500-kilowatt'^^'--'^-'^-'-'

geothermal steam plant is under construction. Other examples

of the applications of geothermal energy include a 275-kilov7att'3

plant in the Katanga mining area in the Congo; two experimental''

units aggregating 25,000 kilowatts capacity authorized for '^^sw

construction in Mexico, State of Hidalgo; and plans for facil-

ities in Chile with an initial capacity of 2,000 kilowattsi"'^''^'^^

and an ultimate generating capacity of about 60,000 kilowatts,

employing heat from the Tatio geysers near Antofagasta. The

Pacific Gas and Electric Company has recently (July 196O) inia'aol

placed in operation a 12, 500-kilov7att electric plant using

geothermal steam found at the Geysers, Sonoma County, Cali-

fornia. It is the first commercial geothermal poxver plant in

the United States and the world's first privately financed'"'''-''"'"'-^

geothermal electric power plant. Figure I9 shows the plant

during the final phase of construction. . D'a^J^irnl T

Large-scale use has been made of geothermal energy -"^"''^

in Iceland for heating the City of Reykjavik and it is estimated

that the steam field near the city may yield a total power '^'^ •''''' -'^

capability of approximately 300,000 kilowatts. The feasibility'^'^

of heating by geothermal energy is being investigated in other ^'

areas of the world, including the Western United States/' ^- ^'B-oT

regions of the Soviet Union, and the Par East. .'X^no

-err-
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Theoretically, geothermal energy is of almost

unlimited extent originating In the heat of the interior of

the earth Itself. Over most of the earth's crust, the

observed Increase of temperature v/lth depth is remarkably

uniform, averaging about 1° F. v/lth every 60 feet of depth

(increase of temperature with depth is called temperature

gradient). Visible manifestations of internal heat occur as

volcanic action at high temperatures and as springs of hot

water or of steam. The heat in some mines, where masses of

rock have been cooling for thousands of years, causes tem-

peratures above those in which miners can work for more than

very short periods. In oil explorations at depths of nearly

20,000 feet, temperatures exceeding the maximum for which well

logging machinery is Insulated have been encountered.

In all of the present uses .of geothermal energy,

steam or hot water already present in the earth is put to use,

and if it were necessary to confine the utilization of geo-

thermal energy to areas V7here such subterranean water or

steam already exists, the use of that resource would be quite

limited. However, it has been suggested that since the tem-

perature of the earth is known to increase as greater depths

are reached, it might be possible to construct borings or

shafts into which water or some other liquid heat transfer

medium could be introduced, and returned to the surface at

high temperature for use as a heat source for any purpose.

That it would be physically possible to make use of this

energy there is no doubt, nor is there doubt that the use
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could Include distillation of saline water and concurrent

generation of marketable electric power. The problems involved

in such facilities are largely economic rather than engineering.

The principal considerations involved include the location of

areas in which the geothermal gradient is high and which are

near sources of saline water; determination of heat conduc-

tivity of the rocks in those areas; and development of methods

for constructing large capacity wells or shafts in rock of

high temperature.

This source of energy need not be confined to dis-

tillation processes. In areas where the geothermal gradient

is highj i.e., v^fhere hot beds lie close to the ground surface,

it appears j^ossible that this source of energy might be used

for the generation of electric power. The outstanding poten-

tiality in its use for demineralization lies in the possibility

that a marketable by-product--electrical energy--might be pro-

duced to assist in defraying the cost of water.

In 1956, Battelle Memorial Institute undertook a

study for the Office of Saline Water, the purpose of which was

to survey and evaluate the availability of geothermal energy

with particular emphasis on its potential use for the

demineralization of saline water. The Battelle study encom-

passed a survey of available geothermal data, a mathematical

analysis of the potential availability of geothermal energy,

and an analysis of some of the possible means of utilizing

such energy.
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'""The Battelle study-i/ showed that as a source of 1: bluoo

energy of widespread geographic distribution, geothertnal energy )g

wagioiofc' generally ppactioal'Itorrsaline water conversion. Aous nl

xu ixw^-The South Dakota School of Mines Research and -nj.-ui vi;.

Development As sociiat ion, in 1956, made a concurrent but more bstis

speciftc:±nvestlgation=^ of certain aspects of geothermairjoe ir.^a

energy,, including an evaluation of regions of considerable \4vjivxj

geothermal energy in .Californiaj'.identified as :those areasrfoo lol

abounding in hot springs, geysers, steam wells, and mud vol- ririiri

canoes. The investigation v/as particularly concerned with

the problems of the availability of geothermal ^energy relat^dllxct

to the earth's temperature gradient, and the availability of'r! .?x

geothermal energy from hot springs and steam v/ells. The'Uiuqqs j.:;

following 'extract from the Office of Saline Water, entitledrld- lol

"Saline -Water Conversion /Report for i]3^5?ilV^ briefly covers th^lplj

flndlngs'df "the' investigations Joyl9--iOk;bOT;q--\jd 9lcfBcf9>IiBm r> j-i:;rij

"The presently available geothermal .data do not ;]• beoub
indicate that California oossesses any areas of un-
usually high temperature gradients outside the loca-
tions of hot springs, steam wells, geysers, and the

asl'ike. The largest reported gradient is only tv;iCe icl x^^-^^s
the mean value for the earth's crust. Therefore, no
e'ijonomldal'' utilization of the available geothermal \j9Viu-a oct

energy from the thermal gradient for a demlneralizlng
process is practicable at this time. '

,:,;!0 -i.;: J;;;:m r-xsa rictlw

-mconHpio.t" spririgs; in effect, afford a "fi'ee hole" : icionlxnob
for the extraction of geothermal energy. Reported
data-ioEi'.'Fiel:ds and' temperatures indicate that generallJfriaaBq

,Y:RTeno iBmisri-Jogr^ '"to Y^-tlicf^^UcvB Ir.l:tn9ctoa erVJ- lo stsvlF^ac

1/ Battelle Memorial InstittitS, "Availability of Geothermalni. bna
Energy for the Deminerallzation of Saline Water", Office
of Saline V/ater, Research and Development Progress Report rious

No. 27, July 1959.
2/ South Dakota School of Mines Research and Development

Association, "investigation of the Availability of Geo-
thermal Energy for the Demlnerallzation of Saline Water",
Office of Saline V/ater, Reseaj:^c|ij and Development Progress
Report No. 28, July 1959.
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the natural 'fiov;s"&r&"t66'"small or the 'temperature 'snx o.dd-

levels too low to utilize them In saline water plants
that would 'be- ^practicable or economicaiV -The cost t^-c^'-I-OO C

of fresh water vrould still be prohibitively high by
-present standards. ---^•^'i^*'3r'C'0 en: :, ^ ;;;j,; :• -^i^'.r-io srid- rl

'.io '"^ o'r""s-team wells' offer'the'^hearfest approach to a'-'
'"-*^--'-'---'

geothermal source resulting in a practicable demin-
erali2ation-^bf-i!aline water. The higher temperatures ^^iw
resulting v\rith this natural steam v;hich apparently
has been obtained up to 275 psi or so, increases the'^-'^i-jr^s

availability significantly.

"One limitation of such sources is that they
are unique and occur bnlyiii-certairi 16calities> which
is also true of hot springs. Thus, one has to con-

""Sider their feasibility in relation to the source of^-'''^"^^
saline water and area of demand for fresh water.

"Limited and rather old information on steam
V7ells at "The Geysers" /In-'Sonoma County xvas used a^s'fYA oo'

a basis for estimating that fresh water might be pro-
duced for $1.00 or possibly less per 1,000 gallons Ylscfsrn

in this locality."
'xevM_;vj IsL'iii'L-- DoIlBcranl ssjsisvA nx 'isdiTiut'i

rtoiJoaboiq _YdLtOFqBD gnxc^Bi noid'sisgo '^'^i!!^

V/ind Power ,

-ediofi noxll.rr^ Of^c --j
<

— 000, OOF ':\rlr-t-/,j°

aT:uoii-T;^]^jQ,: earliest date when man employed the force of the

wlM-^o"gsi£§t him Ih'his' tasks is" not knovm. Both thgerio bnxiv

ancient Chinese and Persians used crude wind machines for

milling grain, and it is recorded that, in the Seventeenth
iBcfoct oric^ lo d-isq d"nBoxl.cn3xsnx i9ri;tBi s .^aiijori-isv.'oqsaiorl

Century B. C, the Babylonian emperor Hammurabi planned an
'^./'

-
•

•
- . r:.^ ;& bsctxnU

ambitious irrigation system using windmills for pumping.

In Western Europe and in Russia, windmills were in
isnlvj Btii lo YS^srts ^^^ jncn:'! sIbos sstibI b no iswoq IboxijosIo

common use after the middle ages, especially in those regions

v/here fossil fuel and v;ater power resources were negligible,

such as Denmark and Holland.
.d-nomieV tfonBlouH

In present-day Russia, v/here pov;er is required for

numerous agricultural communities, a Central V/lnd Power
" '

"

V A \ [
- r-. r^"T r

Instlttite- wMs -established 'in the 1920-30 deSadiei^^•^^T{4e WoFkp€>'f
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the Institute resulted in the construction, in 1931 , of a

100-kllo;vatt electrical generating ;-7indmill near Balaclava

in the Crimea as well as the construction of numerous small

wind-driven generators. Recent estimates give the number of

wind power plants in Russia, at about 30,000 units, with an

aggregate capacity of approximately 170,000 horsepower.

In the United States, the small farm and ranch

windmill v;as a common necessity in almost all parts of the

country until the advent of the stationary internal combus-

tion engine and the rural electrification systems. According

to Ayres and Scarlottl/, the types (in 1950) were approxi-

mately as follows: '

.

Number in Average Installed Annual poiver
Type operation rating capacity production

Pumping 300,000 -^ hp 75^000 hp 250 million horse-
power-hours

V/ind chargers 50,000 2 kw 10,000 kw 150 million kilo-
( elect.) watt-hours

The total annual power production by wind is about 450 million

horsepower-hours, a rather insignificant part of the total

United States power production.

During World War II, the possibility of generating

electrical power on a large scale from the energy of the wind

was studied extensively, and a 1,250-kilowatt wind-driven

generator was constructed and operated at Grandpa's Knob near

Rutland, Vermont.

1/ Ayres, E., and Scarlott, C. A., "Energy Sources; the
Wealth of the World", McGraw-Hill Book Company, New York,
1952.
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Perhaps the most comprehensive studies of the poten-

tials of wind power in the United States were those accomplished

by Percy H. Thomas^/ of the Federal Power Commission.

Several types of large units were designed by

Thomas, one of which i\ras a two-bladed turbine rated at 7,500

kilowatts at wind velocities of from 23 to 25 miles per hour.

Two such units were mounted on the ends of a 235-foot bridge

that would sv/ing into the wind on the top of a 475- foot tov/er.

Another design was a three-bladed turbine rated at

6,500 kilowatts at wind velocities of from l8 to 20 miles per

hour, and similarly mounted in panes on tov/ers.

Another proposed design by Thomas was a battery of

10 or more wind-driven turbines located in a power system in

a widely dispersed manner so that some units would probably

be driven by v/ind at all times. These' wind turbines would

operate in coordination with hydroelectric and pumped- storage

facilities to achieve some measure of firm power production.

Whatever the diameter of the rotor used, electric

windmills are designed to give their maximum power capability

at a "rated" wind speed. Energy in a v;ind of velocity In

excess of the rated speed is wasted, and in the case of v/lnd

v;ith lower velocity, both the energy input and conversion

efficiency of the plant rapidly lessen. V/indmills may

theoretically extract approximately 60 percent of the energy

1/ Thomas, P. N., Federal Pov/er Commission, Washington, D. C,
"Electric Power Prom the Wind", March 194-5:, "The Wind Power
Aerogenerator, Twin-V/heel Type", March 1956, "Aerodynamics
of the Wind Turbine", January 19^5, "Fitting Wind Power to
the Utility Network", February 1954.
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in the wind. Actually, however, losses In the rotor, In the

gearing, and in the electrical system reduce the overall effi-rict

ciency to less than 40 percenttTebs'? er^cf lo V-LacfnoriT is'T ^d

v;The wind rarely blows for any considerable period

of time at a constant speed. However, in coastal or mountain oriT

areasi, locations can be found vfhere it blows more frequently

and constantly than in other areas. Extended mountain xioua owT

ranges affect the general flow of air over these barriers and

tend to increase vjind speeds as the altitude increases.

Therefore, the best sites for wind power are likely to be 00^ ^d

found at high elevations in mountainous terrain iiBixirtxa bns. tiuori

lo YTeAlJ' present there appears to be no site in California

where wind power can be economically developed and utilized-xo 01

in the California Water. Plan.; a d-srict oa nenasm bes'ieqaxb Y-C©^-"'' s

bluow aonld'^'j^ bnlivi "snoriT -39rrTi":t .Tr^. ^b bniv; yd asviib 9c
Utilization of V/aste Heat

oaBTOJa-t-i-.qjT':;'- :..ij ,:i ,.j
'

'"
" ^'riaqo

The atnoijnt of heat wasted by industrial processing
.noxct-ouboTiq i.Q\\'Qq miil lo oiuassm omoa ovexrioe 'iJlIioBl

in California, of possible use in saline water conversion was

not known, even approximately, until recently. To ascertain
:.„./. •-. Oi-,r;i'

the approximate quantity of such waste heat, a survey was made
v:}l.oor.3v To bnlvi .g nx -yiTC^enS. .bseqs bnlv/ "bectsi" B Jb

of its location, amount, and probable cost.
. o~.'r3 boctBT erid' lo ncooxs

The objective of this preliminary survey, conducted

by Kaiser Engineers under contract to the Department of Water
Xsm alllinbnxW .nsassi xlblqsi :iaBlq erii 'jo Yonexollls

Resources, was to ascertain the location, available quantities,' -'."J \ ... '.'o /i-^'tr:.. ;T. '^: ::•'": -^:c /": box i'^TOOi'
J'

and cost of waste heat energy from various coastal sources

within the State. These sources included industrial' concerns,
t.O .a ^noctanlrissVJ tnoiasimrnoO lowo*! Laebe'^. t.M .S' ^SBmoriT \l_

private and"pubTlc .-etijtiisiesji ^ridiTnnaitclpaist'Hstates atidctasia"
:,::.,:"' " T ;'

'

-

: sM ^"oqvT lysfiV' -nlv;T ^^iOuBiynogo'isA
federal installations. -.^i^QL YT^BunBL ^"snxdTiuT bnlW srid lo

.'^^91 xiBUids'i ^^'j^.iovrJen x:ilLtil] sdi
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.c^HHlq Y The types of waste heaf investigated -^encompassed

the foliov/lng, nameiyvjST:9qm9d- srid^ no anxhnsqsf:'

."^ ' ?S ctaeix jSasesi such as -theoproducts of combustion and

-jjy^q i-xrid-lw Ghlgh^temperature effluent gases from chemical,

.anold-BisMarTmetallurglcal, electric power generation,

ssoiyoa cfsmunlclpal refuse, and sewage disposal operations.

iioxlliin j 2. Liquids , such as the products from refineries, v

YiBnxmx l9'iuelectric power generation, chemical, and -aoIlBS

^b9ctB0l£)rtx sewage disposal plants; to i+aoo sril lo -je+sfrrrcj-ae

:*-nloqbnBJs3?ri.:ryapors, such as from electric power, refinery,

3dx3 cfnBlq noxB^and municipal refuse and sewage disposal rnecr 'lo

ci^eoo ericf oi ^^IcfBOperatiorisv ''f-''ov-r -Tecfsvr see "Jo ^^^qq.''p. 9r!.-t oi bnB

4. Solids , such as in the steel, aluminum, ceramic,

and cement industries, and from municipal

refuse and sewage disposal operations.
~-amio1 jnaisxlxb owj iix axixieoo eriu nx aJaxxs YS'^snS

The survey was limited to the following areas, heat

quantities, and heat sources:

1, The Pacific Coastal area, including the lov;er
axriT .£»9f)xvoT:q 9d riBO ilnia jxisri .o '11 oau iBoiJos'iq oj ouq sd

Sacramento Rlver-San Francisco Bay region^

extending from Napa on the north to the Mexican
TO ;t99l 000. ) r.'J

border on the south, and within 5 miles of the
tSevBW bnQ asbij nl clxisas-iq al noiooxfi 'lo Y3'^sri9 9i.iT .a9q99b

coast line.
ctasoo B.rrrcolllBO 9fW snolB 3cto9qaoTq on 9cf oi rrBgqqB eiericr iis6

2. Those blocks of waste heat, in a given area,

capable of producing at least 1 million gallons
.b6 8a9ni£ri Yjli:-.o

per day of potable water employing the vacuum

flash evaporation process or techniques 6 £.~-i- 9,dT

lo noxd-OBid-xe se'quivalent heat economy. (Approximately

ofW "lo YST^sne 60,000,000 to 360,000,000 Btu per hour are^ ^^grfcT
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required for a 1 mlllion-gallon-per-day plant,

depending on the temperature of the waste heat.)

3. Heat sources at temper^atures of at least 75° F.

4, Heat sources which are extractable within prac-

tical engineering and economic considerations.

The survey disclosed several waste heat sources

which would be possible to use as a heat supply for a 1 million-

gallon-per-day saline water conversion plant. Preliminary

estimates of the cost of use of the waste heat Indicated,

however, that only the very best sources, from the standpoint

of temperature, proximity to an available conversion plant site

and to the supply of sea v/ater, would be comparable to the cost

of using a conventional heat source.

Marine Energy

Energy exists In the oceans In two different forms-

-

heat and motion. The heat energy existing In the warm surface

\iatev, such as exists off the coast of Southern California, may

be put to practical use If a heat sink can be provided. This

may be done by tapping the cold mass of v;ater lying beneath

the surface at depths In the range of 500 to 3^000 feet or

deeper. The energy of motion is present in tides and v/aves,

but there appear to be no prospects along the California coast

line where either of these sources of energy can be economi-

cally harnessed.

Thermal Energy

Historically, the consideration of the extraction of

thermal energy from the almost limitless latent energy of the
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seas, and its application to the distillation of fresh water

from ocean water by the use of small temperature differences,

appears to have originated about 80 years ago. V/lthin the

past decade, the process has been investigated and Improved by

an agency of the French Government (Energie des mers) and

plants have been considered at Abidjan on the Ivory Coast of

French VJest Africa and at Guadalupe Island in the French West

Indies.

Recent contributions to the utilization of thermal

energy of the seas date from a demonstration In France, by

the engineer Dr. G. Claude, in the 1920 's. In this experiment,

the possibility of producing mechanical energy from a small

temperature difference between two masses of v/ater vias demon-

strated. Intensified efforts in France, including full-scale

testing of components, by Energie des mers, appear to have

solved the major technological problems.

The utilization of thermal energy stored in ocean

v/ater represents a clever use of the principle that heat can

be converted to mechanical energy v;hen tv;o sources of heat of

different temperatures are available. Such sources, of almost

unlimited size, are to be found in the sea along continental

coasts and Islands, vjhere the surface water is heated by the

sun and is maintained at appreciably higher temperatures than

subsurface vjater. This difference in temperature (20 to 30° P)

can be effectively employed to convert heat to mechanical

energy.

Little was done v\rith this concept until Dr. Claude

constructed a plant in the Bay of Matanzas, Cuba, in 1930,
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using a long Insulated steel pipe to obtain cold sea water

at a depth of about 2,000 feet and warm v;ater from the sea ^ fiiO'i 1

surface. The method operated poorly due to difficulties in'-^^^^Q-^-'

laying' a pips t6 a depth sufficient 't5' Obtain enough temperk-" ''"^

ture difference to work with fair efficiency. Hov^^ever, the^^i^ ni:,

feasibility of the process was definitely proved. nosd svfiri actnislq

d'aolv A number of deep canyons exist off California's' '''

coast, which offer potential sources of cold water. An .aaxiinx

example is Monterey Submarine Canyon in Monterey Bay, which

is comparable in maximum depth and cross section to the Grand

Canyon of the Colorado River. It heads in the old outlet of

the Salinas River at Moss Landing. The possibility exists OQ s^i^

that at Moss Landing either S51ar heating ponds and/or wastg'"-^"^^

industrial heat could be used to materially Increase tempera-

ture differentials S-: A subcanyon of Monterey Canyon is Carmel

Canyon, v;hich heads in the mouth of the Carmel River. Con-'
'"^'""

siderable depths exist close to shore;o noioBsxIio'u eriT

nso Immediatelyndffshore of Santa Catalina Island, there

are two "de^p submarine b'as'iiTg",- 'namfeTy,' the San Pedro Basin to

the -^5t&'t "and Outer Sant^- Barbara Channel to the v/esta'--' ^'Another 'i it"

is th^-Sori'pps SubMSrine Canyon -located relatively close to ^f^^xlnu

shore at La JolTa,' fiear San D±egcf.'~ Coinisiderable oceanographic

and geologic data concerning this canyon have been made i bns nus

available ^.%Ctl)eSerippS:^tErist!ltution of Oceanography. Typical -

deep sea 'wate'r^'te^tftpgr'attiire differentials in '"Southern California

coastal waters are shown in Table l8, .YSiono

obusLO .tQ li^^nu c^qeorroc sjri:^ rl^tlv/ snob sbv/ eld-ctJjJ

tO£5_L i:.. <.j--uuO t3Bsn&iti42-!i.u '^bS erid' nl inslq 6 n-Jo'-'UTicfanoo



n--- ^ocrss Ycf bsaolo .-TABLE l8tcf r!3J;d 8ni;i:jij D^iixi ax cilacd

du9 no TYPICAL DIFFERENCES OP TEMPERATURE BETWEEN 31 ebicf ericf

SURFACE AND SUBSURFACE SEA WATER

Southern California Coastal Waters

: Approximate temperature difference
^¥ater depth/' ^^ bolqi- between surface and given depthri r.

In feet : In degrees Fahrenheit
it^J^a ''r4x7^N<^ '-^

-Aj.ocl :.^._:_
~~—^ '

^

""cnq

500 8
March 1949.' .BziaeLk nx dslnl 3':>IooO ctB sqBdisq d-qaoxs .aecfBd-a

Surface 1,000 11
temperature^ J^sO lo .-rraGoo srict gnolB sa^nsi LBbl:i Ls-oicr{,:i- nctneaeiq

570 F 2,000 15
^/JlRT-e --:>• _,,, jOOI-OI sricf WOlocf IlSvf -ti.^^ i;L-Xi:V; 'lO IlB

3,000 17
.noi^Baenss -lev/oq lol oxmonoos brm IsoxcJ-OBTiq bsietixanco

aooiuoQ Y3'3:9n5 auosnBlIsosxr-l

500 50
October I949peqol9vob Ilev/ aael ^asoiuoa YST^^ne 'loricfO

Surface 1,000 22
temperature """' "

"' 'nqua nx sonBd-ioqinx smoa e:,:Uc.afi YlI->i^'^n9V9

68° F 2,000 26
auojiaBV i>iiB IXoo I.eu'l srict sbulonl sasrlT .oiucf-Lr't sdi lo ad-nsm

3,000 28
tY/S'T^one Izol'iifos' e oci" r'T. sri lo rtoxa'^fevnoo ioeTtb "xol aeoxveb

- -^ - ----r-.:;^ ...... ^ .
- ... . , ;:.^b'j.ronx

The application of this energy source to demlnerali-
d'xxn'-ieq oj ^-xovsv/ori t^rnxd' j:^s^^1q orij jb booriBViOB Ylansxoxx

zation of salt water does not appear promisiTig due to the cost

of obtaining the cold v/ater and the great volumes of water

that must be handled because of the relatively small tempera-

ture difference available. -iiBmr.uB

-navrioonon'' bsinoisj Ygisns lo aeoiuoa Ibisvob ecii 10

^gy—
^^icTxaaoq ^nB isllo od" lesqqB \-jeJ. Y-fsvldsIeT:

The mechanical energy of tides may be harnessed

and transformed into electricity. In principle, the conversion
edj nx t^ex as ^s'ib OiJToS .noidoubo-xq •lov/oq ban gMxaaooo'iq

process is analogous to conventional hydroelectric power
'T:r!i; p'~^g'1::)t;:x;cj c '; -.:. bns noxJBiqxd'asvn.E lo egpda oinoYtcIme

installations utilizing the energy of falling water. A storage

-l43-



basin Is filled during high tide and Is closed by gates when

the tide recedes, so that a difference In water level on ebb

tide Is created, or vice versa. The trapped viater Is then

allowed to flow from the high side to the lov; side through

a hydraulic turbine which may be coupled to a generator to

produce electric power. This mode of power generation does

not appear to be feasible along the west coast of the United

States, except perhaps at Cook's Inlet In Alaska. Table 19

presents typical tidal ranges along the coast of California,

all of v;hlch are viell belovj the 10- foot minimum generally

considered practical and economic for power generation.

Miscellaneous Energy Sources

Other energy sources, less well developed, may

eventually assume some Importance In supplying energy require-

ments of the future. These Include the fuel cell and various

devices for direct conversion of heat to electrical energy,

including heat from nuclear fission. None of these is suf-

ficiently advanced at the present time, hov;ever, to permit

reliable predictions of their potential impact on the energy

needs of California.

Summary

Of the several sources of energy termed "nonconven-

tional", relatively few appear to offer any possibility of

future application in this State to v;ater demineralizatlon

processing and power production. Some are, as yet, in the

embryonic stage of investigation and it is therefore Impossible
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to foresee their possible uses. Energy from marine sources

such as the tides and ocean waves may reasonably be excluded

from serious consideration In California as large-scale

energy sources,

TABLE 19

TYPICAL TIDAL RANGES ALONG THE COAST OF CALIPORNIA-i/

Location ;Mean range, in feet

San Diego 4.2

Long Beach 3.7

Santa Barbara 3.6

Morro Bay 3.5

San Francisco (Golden Gate) 4,0

San Francisco Bay

Oakland 4.8

Dumbarton Bridge 6,8

Richmond 4.1

Eureka 4.8

1/ From "Tide Tables, West Coast North and South America",
United States Department of Commerce, Coast and Geodetic
Survey, 1958.
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